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PREFACE 


This  technical  report  was  prefab  by  the  Tharmopkysicsl  Properties  Research 
Center  (TPRCjof  the  Center  for  Information  and  Numeric*}  Data  Analysis  awl  %1h>isla 
(CINDAS) ,  Purdue  University,  West  Lafayette,  Indiana,  under  the  aasptoaa of  the JMftne 
of  Standard  Reference  Data  of  dm  National  Bureau  of  Standards  (NBS),  Department  of  Com¬ 
merce,  Washington,  D.C,  it  represents  the.mosfc  exhaustive  review  and' critical  evaluation 
of  the  recorded  world  knowledge  on  the  thermal  conductivity  of  ten  selected  binaiyalloy 
systems ,  and  is  a  qootinuation  of  a  similar  work  on  the  thermal  coodurtivity-ef  the  elements 
already  published.  The  recommended  self-consistent  thermal  cond*mtivity  values  presented 
in  this  report  cover  the  full  ranges  of  composition  and  temperature  foremost,  of  the  alloy 
systems  and.  go  far  byroad  the  limited  experimental  data,  which  are  often  conflicting  and 
uncertain  in  many  esses.  Thus,  new  knowledge  has  been  generated  in  this  process  of  data  j 

analysis  and  synthesis.  >.  j 

This  report  serves  many  purposes.  It  provides  engineering  and  design  data  for  l 

virtually  all  compositions  of  the  ten  alloy  systems  for  industrial  applications.  It  provides 
reliable  data  for  those  alloys  that  can  be  used  as  reference  materials  to  check  apparatus 
lor  thermal  conductivity  measurements  or  as  standards  in  comparative  thermal  conductivity 
measurements.  It  provides  reliable  data  against  which  theoreticians  can  test  their  theories. 

.  *7£  ' 

Furthermore,  the  knowledge  of  the  thermal  conductivity  of  binary  alloy  systems  is  essential 
for  the  study  and  estimation  of  the  thermal  conductivity  of  ternary  and  more  complex  engi¬ 
neering  allays.  A  reliable  method  for  the  calculation  of  the  thermal  conductivity  of  binary 
alloys  has  also  been  developed  in  this  work,  which  will  have  wide  applications. 

Although  this  report  is  primarily  the  result  of  financial  support  and  interest  of  the 
NBS  Office  of  Standard  Reference  Data,  the  extensive  documentary  activity  essential  to  this 
work  was  supported  fay  the  Defense  Supply  Agency  of  the  Department  of  Defense.  Through¬ 
out  the  course  of  this  work.  Dr.  P.  G.  Klemens ,  who  is  a  Visiting  Research  Professor 
at  CINDAS  and  Professor  of  Physics  at  the  University  of  Connecticut,  has  given  the  staff 
of  this  project  invaluable  technical  guidance  and  advice;  his  contributions  are  hereby  grate- 
hilly  acknowledged.  Thanks  are  also  due  Dr.  H.  J.  White,  Jr. ,  of  the  NBS  Office  of  Standard 
Reference  Data  for  his  sympathetic  understanding  and  help  in  many  ways  and  to  Dr.  D.  L. 
McElroy  of  the  Oak  Ridge  National  Laboratory  for  useful  comments  and  discussions. 
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ABSTRACT 

'  This  workpresents  and  dMeasse*  the  avaflifcle  data  and  information  on  the  thermal 
eeoAltBttvtty  of  tea  ^elected  binary  *a«y  systems and  contains  the  recommended  reference 
vakah  (or  provislwml  or  typical  vatuso)  resulting  from  critical  evaluation,  analysis ,  and 
ayatheala  of  the  available  data  and  information.  Theten  binary  alldy’byatems  arh  the  sya- 
tmna  of  alumiman  copper,  ahimhurm-magaesimn ,  copper- gold,  copper-nickel,  copper- 
palladhon,  copper- aino,  gold-pattaitom,  gold-silver,  iron-nickel,  andsilver-panatftum. 
The  recommended  (or  provisional  or  typical)  values  given  Include  the  total  thermal  conduc¬ 
tivity,  electronic  thermal  coadaetMty,  and  lattice  thermal  conductivity.  The  value*  for 
each  of  the  alloy  systems  except  tan  are  given  for  28  alloy  composltioiis:  0.5,  i;  3,  5, 
10(8)85,  87,  99,  and  99. 9%.  For  moat  of  the  alky  compositions,  the  values  cover  the  tem¬ 
perature  range  from  cryogenic  temperature  to  toe  solidus  point  or  1200  K.  In  addition, 
reliable  methods  for  the  estimation  of  the  electronic  and  lattice  thermal  conductivities  Of 
alloys  have  been  developed  in  this  work. 


Key  words:  Alloys;  conductivity;  critical  eavluation,  data  analysis;  data  compilation;  d«fa» 
synthesis;  electrical  resistivity;  metals;  reference  data;  thermal  conductivity; 
thermoelectric  power. 
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NOMENCLATURE 

Lattice  constant 

Electronic  charge;  Base  of  natural  logarithm  (2.71328) 

Electron  energy 

Energy  of  electron  in  kth  state 

Distribution  function  representing  the  number  of  carriers  in  kth  state 

Fermi-Dirac  distribution  function  at  equilibrium 

Reduced  Planck  constant 

Transport  integrals 

Modified  transport  integrals 

Standard  transport  integrals 

Total  thermal  conductivity 

Electronic  thermal  conductivity 

Intrinsic  electronic  thermal  conductivity 

Lattice  thermal  conductivity 

Lattice  thermal  conductivity  of  a  virtual  crystal 

Electron  wave  vector 

Kelvin  temperature  unit 

Electronic  transport  integrals 

Lorenz  function 

Lorenz  number  (2.443  x  10"*  V2  K"4) 

Average  atomic  mass 

Atomic  mass  of  the  heavier  element 

Atomic  mass  of  the  lighter  element 

Number  of  conduction  electrons  per  atom 

Absolute  thermoelectric  power 

Temperature 

Speed  of  sound 

Electron  velocity  in  spherical  symmetry 


v(k)  Velocity  of  electron  in  kth  state  <- 

V  Average  atomic  volume 

Vu  Atomic  volume  of  the  heayler  element 

V.  Atomic  volume  of  the  lighter  element 

L 

We  Electronic  thermal  resistivity 

Wei  Intrinsic  electronic  thermal  resistivity 

W  Residual  electronic  thermal  resistivity 

60 

WHi  Contribution  to  Wgi  of  electrons  moving  parallel  to  the  Fermi  surface 

Contribution  to  Wgi  of  electrons  moving  perpendicular  to  the  Fermi  surface 
AW  Deviation  from  thermal  analog  of  Matthiessen's  rule 

x  Reduced  phonon  frequency 

x0  Reduced  phonon  frequency  at  which  the  relaxation  times  for  point-defect 

scattering  and  U-processes  are  equal 

y  Atomic  fraction  of  the  solute 

y|f  Atomic  fraction  of  the  heavier  element 

yL  Atomic  fraction  of  the  lighter  element 

a  Ratio  of  reciprocal  relaxation  times  for  N-  and  U-processes 

0  Impurity- imperfection  parameter  of  elements 

y  Gruneisen  parameter 

c  Quantity  characterizing  the  perturbation  due  to  mass  defects  and  lattice 

distortion 

C  Fermi  energy 

r 1  Reduced  electron  energy 

6  Debye  temperature 

K  Boltzmann  constant 


fi  Ferromagnetic  ordering  parameter 

p  Total  electrical  resistivity 

p*  Resistivity  of  ferromagnetic  metal  in  the  absence  of  ferromagnetic  ordering 

p„  Residual  electrical  resistivity 

Pj  Intrinsic  electrical  resistivity 


Deviation  of  electrical  resistivity  from  Matthleesen's  rule 
Relaxation  time  for  electron  in  kth  state 

Relaxation  time  for  electron  with  energy  E  in  spherical  symmetry 

Combined  relaxation  timC 

Relaxation  time  for  N-proc esses 

Relaxation  time  for  point-defect  scattering 

Relaxation  time  for  U-processes 

Frequency  of  lattice  Wive 

Phonon  frequency  at  which  the  relaxation  times  for  point-defect  scattering 
and  U-processes  are  equal 


1.  INTRODUCTION 


The  primary  objective  of  this  study  was  to  critically  evaluate,  analyse,  aad  synthesize 
all  the  available  data  and  information  on  the  thermal  conductivity  of  ten  adapted  binary 
alloy  systems  and  to  generate  recommended  reference  data  over  the  widest  practicable 
ranges  of  temperature  and  alloy  composition  for  each  of  the  alloy  systems.  It  will  become 
evident  that  for  most  of  these  alloy  systems  there  are  serious  gaps  in  the  thermal  conduc¬ 
tivity  data,  as  concerns  dependence  on  composition  or  temperature,  or  both,  and  that  most 
of  the  available  data  show  large  uncertainties  or  wide  divergences.  ft  has,  therefore,  been 
necessary  to  set  other  objectives:  (1)  to  develop  reliable  methods  for  die  estimation  of 
the  thermal  conductivity  of  alloys,  (2)  to  determine  the  extent  to  which  the  methods  of  data 
estimation  developed  in  this  study  are  applicable  in  general,  and  (3)  to  identify  those  areas 
where  further  theoretical  and  experimental  research  is  needed. 

The  ten  alloy  systems  selected  for  this  study  are  the  systems  with  the  largest  amount 
of  experimental  data  among  some  200  alloy  systems  for  which  thermal  conductivity  data 
are  available.  This  selection  of  alloy  systems  with  the  largest  amount  of  experimental  data 
is  necessary  since  data  evaluation  is  possible  only  when  data  are  available  and  the  availability 
of  fairly  sufficient  data  for  an  alloy  system  is  prerequisite  for  detailed  data  analysis,  cor¬ 
relation,  and  synthesis. 

The  systems  selected  represent  all  three  different  kinds  of  binary  alloy  systems:  non- 
transition- metal  and  nontransition-metal  systems  (aluminum-copper,  aluminum-magnesium, 
copper-gold,  copper-zinc,  and  gold-silver),  nontransition-metal  and  transition-metal  sys¬ 
tems  (copper-nickel,  copper-palladium,  gold-palladium,  and  silver-palladium) ,  and  a 
transition- metal  and  transition-metal  system  (iron-nickel) .  The  inclusion  of  this  wide 
range  of  alloy  systems  in  this  study  has  tested  the  broad  applicability  of  the  methods  developed 
for  data  estimation  and  synthesis. 

The  methods  developed  for  the  estimation  of  the  thermal  conductivity  of  alloys  are 
detailed  in  Section  2.  These  methods  have  been  extensively  tested  with  key  sets  of  reliable 
experimental  data.  In  Section  3  the  procedures  for  data  evaluation  and  for  the  generation 
of  recommended  values  are  outlined,  including  the  procedures  for  data  estimation  using 
the  methods  detailed  in  Section  2. 

The  recommended  (or  provisional)  values  for  the  total  thermal  conductivity, 
electronic  thermal  conductivity,  and  lattice  thermal  conductivity  and  the  original  experi¬ 
mental  data  for  the  thermal  conductivity  of  the  ten  selected  binary  alloy  systems  are  reported 
in  Section  4,  together  with  a  discussion  of  each  system,  reviewing  individual  pieces  of  avail¬ 
able  data  and  information,  giving  details  of  data  analysis  and  synthesis,  aad  discussing  the 
considerations  involved  in  arriving  at  the  final  assessment  and  recommendations.  For  each 


of  the  alloy  systems  except  two  ( alum  twain- magnesium  and  copper- xinc) ,  the  >*ecormnended 
(or  provisional)  thermal  conductivity  values  are  given  for  25  alloy  compositions:  0. 5,  1, 

3,  5,  10(5)96,  37,  99,  and  99.8%,  which  greatly  facilitates  the  interpolation  of  values  for 
alloys  with  intermediate  compositions.  These  values  are  for  weil-aunealed  disordered  alloys. 

The  complete  bibliographic  citations  for  the  184  references  are  given  in  Section  6. 


2.  THEORETICAL  BACKGROUND 


In  metals  and  alloys  the  principal  carriers  of  thermal  energy  are  electrons  and  lattice 
waves,  and  it  is  commonly  assumed  that  the  total  thermal  conductivity  is 

k  =  ke  +  kg  (1) 

where  kg  is  the  electronic  thermal  conductivity  and  kg  is  the  lattice  thermal  conductivity; 
these  are  the  thermal  conductivity  components  due  to  the  transport  of  heat  by  the  electrons 
and  by  the  lattice  waves  or  phonons,  respectively. 

In  pure  normal  metals,  conduction  by  lattice  waves  is  negligible  in  comparison  with 
conduction  by  electrons  at  all  temperatures,  but  in  alloys  the  lattice  component  is  often 
comparable  to  and  sometimes  even  greater  than  the  electronic  component  at  low  tempera¬ 
tures  and  is  not  negligible  even  at  temperatures  well  above  the  Debye  temperature  in  some 
cases.  Hence,  in  order  to  estimate  the  thermal  conductivity  of  an  alloy  it  is  necessary  to 
estimate  both  die  electronic  and  lattice  components.  Since  the  principal  thermal  resistance 
mechanisms  differ  in  different  temperature  regions,  it  is  necessary  to  devise  different 
methods  for  making  predictive  estimates  in  different  temperature  regions.  In  the  course 
of  developing  these  methods  a  number  of  specific  areas  in  which  further  experimental  and 
theoretical  studies  are  needed  were  identified. 


2. 1.  Electronic  Thermal  Conductivity 

In  alloys  at  temperatures  below  about  25  K  the  only  significant  contribution  to  the 
electronic  thermal  resistivity,  W  .  is  the  scattering  of  electrons  by  solute  atoms,  so  that 
the  electronic  thermal  conductivity  may  be  calculated  from  the  Wiedemann- Franz- Lorenz 
relationship. 


k  _i_  If 

«  We~Ww  -  fi, 


(2) 


where  Wee  18  fi»®  residual  electronic  thermal  resistivity  due  to  impurity  scattering  of  elec¬ 
trons,  p0  is  the  residual  electrical  resistivity,  T  is  the  temperature,  and  1^  is  the  classical 
theoretical  Lorenz  number  and  has  a  value  of  2.443  x  10"*  V*  K“*. 

At  higher  temperatures  the  scattering  of  electrons  by  lattice  waves  becomes  significant. 
At  temperatures  between  about  25  K  and  100  K  the  electronic  thermal  resistivity  has  com¬ 
monly  been  estimated  from  the  thermal  analog  of  Matthiessen's  rule, 

We-We,+W<(i-pl/LfT  +  Wel  (S) 

where  is  the  intrinsic  electronic  thermal  resistivity,  which  is  file  reciprocal  of  file 
intrinsic  electronic  thermal  oondaotivity,  k^,  of  the  "parent”  element,  and  Matthiessen's 
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rule  states  that  the  electrical  resistivity  is  composed  of  a  residual  and  an  intrinsic 
component: 

P  =Po+Pi  (4) 

Equation  (3)  is  based  on  the  assumption  that  the  deviations  from  Matthiessen's  rule, 
Ap=  P  -  P#  "  Pi»  and  its  thermal  analog,  AW  =  W@  -  WM  -  W^,  can  be  neglected.  This 
is  not  the  case  at  higher  temperatures;  Ap  and  AW  may  be  significant  even  at  temperatures 
belosr  100  K.  These  deviations  may  be  taken  into  account  by  assuming  that  they  are  related 
by  the  Wiedemann-  Franz- Lorenz  law:  Ap/AW  =  LT,  where  L  is  the  Lorenz  ratio  which 
may  or  may  not  be  equal  to  Lg.  This  assumption  is  based  on  an  argument  by  Kleiners  1 1]  * 
which  may  be  summarized  as  follows. 

The  intrinsic  electrical  and  thermal  resistivities  arise  from  interactions  between 
electrons  and  phonons  which  take  electrons  from  regions  of  momentum  space  where  there 
are  too  many  into  regions  where  there  are  too  few  electrons  relative  to  the  equilibrium  con¬ 
centration.  Since  the  phonon  energies  are  relatively  small,  the  electron  energies  are  little 
changed  by  these  interactions,  and  their  initial  and  final  states  must  both  lie  near  the  Fermi 
surface. 

In  the  case  of  electrical  conduction  the  deviation  of  the  distribution  function  from 
the  equilibrium  distribution  due  to  the  electric  field  is  proportional  [21  to  a  function,  f(k) , 
of  the  direction  of  the  electron  wave  vector,  the  sign  of  the  deviation  depending  on  the  di¬ 
rection  of  the  electron  wave  vector.  The  intrinsic  electrical  resistivity,  p is  the  result 
of  the  motion  of  electrons  in  k  space  through  interactions  with  phonons  to  distant  regions 
of  the  Fermi  surface,  involving  substantial  changes  in  the  direction  of  k,  which  is  a  "hor¬ 
izontal"  movement  on  the  Fermi  surface. 

In  the  case  of  thermal  conduction,  the  deviation  from  the  electronic  equilibrium 
distribution  due  to  the  temperature  gradient  is  proportional  to  the  same  function  f(k)  of 
the  direction  of  the  electron  wave  vector  but  it  is  also  proportional  to  the  reduced  electron 
energy,  T)  =  (E-£  )/KT,  E  being  the  electron  energy,  C  the  Fermi  energy,  and  <  the  Boltzmann 
constant.  Thus  the  sign  of  the  deviation  of  the  distribution  function  can  be  changed  not  only 
by  "horizontal"  movement  on  the  Fermi  surface  but  also  by  changing  the  sign  of  tj,  which 
is  a  "vertical"  movement  through  the  Fermi  surface.  These  motions  in  k  space  contribute 
approximately  addltively  to  the  intrinsic  electronic  thermal  resistivity:  Wrt  «  WH1  +  WVi. 
Since  f(k)  is  the  same  for  electrical  and  thermal  conduction,  horizontal  movement  is  equally 
effective  in  both  cases,  so  that  pf  and  W^  are  related  by  the  Wiedemann- Franz- Lorenz 
law.  Now  Wyj  depends  on  a  local  property  of  the  Fermi  surface  and  is,  therefore,  rela¬ 
tively  insensitive  to  changes  in  the  band  structure  due  to  alloying.  On  the  other  hand  Wm, 

*  Numbers  in  brackets  designate  references  listed  in  Section  6. 
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being  due  to  motion  of  the  electron*  over  large  distances  cm  the  Fermi  surface,  is  sensitive 
to  changes  in  its  overall  shape,  particularly  when  these  changes  involve  contact  with  the 
zone  boundary  which  effectively  short  circuits  the  horizontal  movement.  Hence  the  change 
in  WHJ  on  alloying  is  much  larger  than  the  change  in  WVi  and  makes  the  dominant  contri¬ 
bution  to  the  deviations  from  Matthieaaen's  rule.  Thus,  to  a  good  approximation,  the 
deviations  from  Matthieaaen's  rule  and  its  thermal  analog  are  related  by  the  Wiedemann- 
Franz- Lorenz  law, 

W0=  (p-Pj)/LT+Wei  (5) 

or 

ke  =  (p-pj)/  LT  +Wel  (6) 


In  applying  eq.  (6) ,  Wgi  and  Pj  are  taken  to  be  the  intrinsic  thermal  and  electrical 
resistivities  of  the  virtual  crystal  obtained  by  interpolating  between  the  values  for  the  ele¬ 
ments,  linearly  for  alloys  of  ordinary  metals  and  according  to  Mott's  theory  [3,4]  for  alloys 
containing  transition  elements.  For  most  alloys  Wgi  is  much  smaller  than  the  other  term 
in  eq.  (6)  ao  that  the  error  introduced  in  common  practice  by  taking  Wel  of  the  elements 
to  be  the  reciprocals  of  their  total  thermal  conductivities  is  also  small.  However,  in  dilute 
alloys  of  elements  which  do  not  have  electronic  thermal  conductivities  comparable  to  those 
of  the  noble  elements  this  error  is  significant,  and  Wfii  is  therefore  calculated  in  this  work 
from  the  expression 


W 


ei  k 


ei 


ke  T  k-kg  T 


(7) 


where  ft  is  the  impurity- imperfection  parameter  of  the  element.  The  values  of  k  and  ft  of 
the  elements  are  available  from  ref.  [5]  *  and  the  values  of  kg  of  an  element  at  moderate 
and  high  temperatures  are  calculated  from  eq.  ( 36) .  The  values  of  electrical  resistivities 
of  the  ten  selected  binary  alloy  systems  and  their  nine  constituent  elements  used  in  eq.  (6) 
are  available  from  ref.  [7] . 


From  the  argument  leading  to  eq.  (6)  it  is  clear  that  the  value  of  L  used  therein 
should  be  that  for  horizontal  motion  on  the  Fermi  surface,  or  for  elastic  scattering;  the 
values  of  L  appropriate  for  use  in  eq.  (6)  and  in  the  Wiedemann- Franz- Lorenz  law,  which 
one  might  expect  to  be  valid  at  high  temperatures  where  phonons  scatter  electrons  through 
Urge  angles,  are  discussed  below. 

It  should  be  noted  that  eq.  (6)  may  not  be  valid  in  same  cases.  If  the  deviations 
from  Mstthiessen's  rule  are  due  to  Hie  fact  that  two  hands  of  electrons,  such  as  those  on 

*  The  recommended  values  for  the  thermal  conductivities  of  the  elements  given  in  ref.  [5] 
In  some  eases  are  slightly  different  from  those  given  in  ref.  [6] ,  and  the  values  given  in 
ref.  fS)  are  preferred  and  should  be  used  whenever  there  is  a  difference. 
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the  seek  and  belly  regions  of  die  Fermi  surface,  contribute  significantly  to  the  electrical 
conduction,  then,  in  general,  the  deviations  from  Matthiee sen's  rule  and  its  thermal  analog 
are  not  related  by  the  Wiedemann*  Frans- Lorens  law. 

Significant  deviations  of  die  Lorens  ratio  from  its  classical  value  can  result  from 
band  structure  effects  and  from  electron-electron  scattering. 

The  possibility  of  deviations  due  to  band  structure  effects  and  the  difficulties  they 
present  may  be  seen  from  the  following.  Assuming  the  existence  of  a  relaxation  time,  the 
electronic  transport  properties  can  be  expressed  through  integrals  over  reciprocal  space 
of  the  form 


i 
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K»=-UJJ,!(E>T(£><Er«>"3%dlC 


(8) 


which  for  spherical  symmetry  {182]  reduces  to 
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v(E)  T(E)  (E-C)n^g  dA  da 


(9) 


Here  ll  is  the  reduced  Planck  constant,  v  is  the  electron  velocity,  r  is  the  relaxation  time, 

E  is  the  electron  energy,  f 8  is  the  Fermt-Dirac  distribution  function,  £  1b  the  Fermi  energy, 
and  dA  is  an  element  of  a  constant  energy  surface  in  reciprocal  space.  In  particular,  the 
absolute  thermoelectric  power  is  given  by 
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and  the  Lorenz  ratio  by 
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Because  of  the  factor  df°/dE,  the  only  significant  contributions  to  these  integrals  are  from 
energies  differing  from  (  by  no  more  than  KT,  where  K  is  the  Boltzmann  constant,  so  that 
the  usual  procedure  Is  to  expand  each  integrand  in  a  Taylor  series  about  (.  Retaining  only 
the  leading  term  of  the  series  leads  to  the  result  L  =  L,  -  S*,  where  Lj  is  the  classical  the¬ 
oretical  Lorenz  number.  The  values  of  L  obtained  from  this  result  are  used  in  eq.  (6) 
to  give  the  equation  employed  in  our  calculations: 
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The  values  of  absolute  thermoelectric  powers  of  the  tea  selected  Maury  alloy  systems  used 
la  eq.  (12)  are  available  from  ref.  (40). 

There  is  some  question  about  the  choice  of  Lg  In  the  case  of  transition-element  alloys. 
The  difficulties  occur  also  in  the  treatment  of  the  pure  transition  metals,  and  will  be  reviewed 
briefly  in  that  context. 

If,  as  in  the  case  of  some  transition  metals,  a  narrow  hfnni  with  a  high  density  of 
states  overlaps  the  conduction  band  at  the  Fermi  energy,  then  at  high  temperatures  it  is 
necessary  to  include  higher  order  terms  in  the  series  and  this  will  cause  a  deviation  of  the 
Lorenz  ratio  from  the  classical  value.  It  is  possible,  at  least  in  principle,  to  evaluate  the 
second  order  terms  from  the  thermoelectric  power  and  the  series  expansion  for  the  elec¬ 
trical  conductivity  (see  Williams  and  Fulkerson,  1969  (8,  pp.  443-7) ).  However,  if  the 
relaxation  time  is  a  strong  function  of  energy,  as  is  the  case  In  transition  metals  on  the 
assumption  [91  that  it  may  be  written  as  the  reciprocal  of  the  product  of  the  density  of  states 
and  a  scattering  probability  per  unit  ttyne,  then  a  Taylor  series  expansion  about  (  may  not 
be  adequate  to  represent  the  integrand  over  the  energy  range  KT  at  high  temperatures. 

'In  such  cases  the  integrals  must  be  evaluated  numerically.  This  has  been  done  for  Pd  (10) 
and  reasonable  agreement  between  theory  and  experiment  was  obtained;  the  discrepancies 
were  presumably  due  to  electron-electron  scattering  (11,  p.  412]  which  occurs  in  both 
ordinary  and  transition  metals.  In  ordinary  metals,  normal  electron- electron  scattering, 
in  which  electron  quasi-momentum  is  conserved,  contributes  to  the  thermal  resistivity  but 
not  to  the  electrical  resistivity  and  thus  causes  a  negative  deviation  of  the  Lorenz  ratio. 

Such  a  deviation  has  been  observed  in  Cu  [12, 13] .  In  transition  metals  normal  electron- 
electron  interactions  between  s  and  d  band  electrons  contribute  to  the  electrical  resistivity 
as  well  as  to  the  thermal  resistivity;  these  processes  are  very  strong  [14,15]  and  are  gen¬ 
erally  thought  to  be  responsible  for  the  T2  temperature  dependence  of  the  electrical  resistivity 
observed  in  these  metals  at  low  temperatures.  The  deviation  of  the  Lorenz  ratio  due  to 
electron- electron  scattering  may  either  enhance  or  partially  cancel  the  effects  of  struc¬ 
ture.  The  latter  appears  to  be  the  case  in  the  group  vm  elements  [16] .  The  deviations 
of  the  Lorenz  ratio  of  transition  metals  due  to  band  structure  effects  are  significant  and 
cannot  yet  be  calculated  directly;  further,  in  order  to  calculate  correlations  between  the 
electrical  resistivity  and  the  Lorenz  ratio,  the  density  of  states  function  of  the  material 
must  be  known  and  there  are  difficulties  in  include  the  effects  of  electron-electron  scat¬ 
tering  in  such  an  analysis. 

The  Wiedemann- Franz- Lorenz  law  is  valid  in  alloys  at  very  taw  temperatures  where 
one  need  consider  only  impurity  scattering,  and  in  both  metals  and  alloys  si  high  temper¬ 
atures  where  phonons  scatter  electrons  through  large  angles.  Equation  (12)  was  developed 
in  order  to  calculate  tee  electronic  component  at  intermediate  temperatures.  However, 
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as  is  dear  from  the  preceding  discussion,  in  the  oase  of  transition-metal  alloys  there  is 
considerable  uncertainty  about  the  values  of  the  Lorens  ratio  to  fee  used  in  the  Wiedemann- 
Franz- Lorenz  law  at  high  temperatures.  The  method  tried  wap  to  interpolate  for  the  de¬ 
viation  from  the  classical  value  on  the  basis  of  the  questionable  assumption  that  the  net 
deviation  resulting  from  band  structure  effects  and  s-d  electron- electron  scattering- 1*  pro¬ 
portional  to  the  number  of  holes  in  the  d  band.  It  was  found  that  in  the  Cu-Ni  system  the 
resulting  values  of  k  nowhere  differed  from  those  obtained  from  eq.  ( 12)  by  more  than 

v  * 

5  percent  and  it  was  decided  to  use  sq.  (12)  over  the  entire  temperature  range  above  25  K. 

In  view  of  the  uncertainties  associated  with  eq.  (12) ,  it  is  reassuring  that  the  values 
obtained  from  it  have  been  found  to  be  in  good  agreement  with  the  values  of  the  elect,  onic 
component  obtained  from  experimental  values  of  thermal  conductivity  considered  to  be  re¬ 
liable  on  the  basis  of  the  usual  criteria. 

While  a  considerable  amount  of  effort  has  been  concentrated  on  the  study  of  deviations 
from  Matthiessen's  rule,  far  less  attention  has  been  given  to  their  relation  to  the  deviations 
from  its  thermal  analog  ll, 17, 181 .  Work  in  this  area  is  hindered  by  the  failure  of  many 

v 

authors  to  include  the  corresponding  electrical  resistivity  data  when  reporting  thermal  con¬ 
ductivity  values.  Further  work  in  this  area  would  help  to  determine  the  limitations  of  eq. 

( 12)  and  very  probably  lead  to  improvements  on  it. 

2. 2.  Lattice  Thermal  Conductivity 

The  processes  limiting  lattice  conduction  are  different  in  the  temperature  regions 
below,  about,  and  above  the  temperature  at  which  it  has  its  maximum  value.  At  very  low 
temperatures,  typically  below  one  twentieth  of  the  Debye  temperature,  6,  these  are  the 
ordinary  and  impurity- induced  electron-phonon  interactions  and,  in  strained  specimens, 
phonon  scattering  by  dislocations.  These  processes  are  also  important  in  the  temperature 
range  in  which  the  lattice  component  has  its  maximum  value,  typically  between  0/20  and 
0/5  for  alloys  of  ordinary  metals  but  considerably  higher  for  some  transition  elements, 
but  in  this  region  point-defect  scattering  and  three-phonon  anharmonic  interactions  also 
contribute  to  the  thermal  resistivity.  At  temperatures  above  this  region  the  important  re¬ 
sistive  processes  in  alloys  of  ordinary  metals  are  three-phonon  anharmonic  Interactions 
and  point-defect  scattering;  in  alloys  containing  transition  metals  the  defect  of  electron-phonon 
interactions  may  also  be  significant  in  the  lower  portion  of  this  temperature  range.  This 
third  region  is  the  only  one  la  which  it  is  possible  to  eetlznate  the  lattice  component  on  the 
basis  of  present  theory. 

a.  Low  Temperature  Region 

The  problem  cf  oaloulettng  tbs  ooupUf  oonetewt  tor  the  electron- pbonon  interaction 
is  s  very  difficult  one  even  in  the  simplest  oases;  in  toot,  measurements  of  low  temperature 


alloy  thermal  conductivity  were  initially  undertaken  to  obtain  information  about  thin  interaction. 
From  results  reported  fay  TJndenfeld  and  Pennebakar  (19]  for  Cuolloyfit  appearedthet 
it  might  be  possible  to  estimate  the  lattice  component  from  electrical  resistivity  data 00 
the  basis  of  present  theory.  This  did  not  prove  to  bs  tits  case.  It  weefoowl  4Nrt  vaiss* 
obtained  from  an  expression  which  follows  from  the  eqnationa  In  ref.  {19]  differed  from 
those  obtained  from  measurements  by  as  much  as  a  factor  of  three.  It  is  aincM*  esrtaia 
that  these  discrepancies  are  largely  the  result  of  the  use  of  Pippartfs  early  remdte  (201 
which  are  baaed  on  the  free  electron  model;  this  simple  model  is  inadequate  far  most  metals 
and  allays. 

At  temperatures  below  9/20,  the  lattice  thermal  conductivity  of  a  pure  ordinary  metal 
may  be  calculated  from  an  expression  derived  by  Klemens  [21] 
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V-77^r  (13) 

where  n  is  the  number  of  conduction  electrons  per  atom,  9  is  the  Debye  temperature,  and 
kei  is  the  intrinsic  electronic  thermal  conductivity.  Since  in  tills  region  kgi  is  inversely 
proportional  to  T1,  has  a  T*  temperature  dependence.  Equation  ( 13)  is  based  on  the 
assumption  of  a  reciprocal  effect  of  the  electron-  phonon  interaction  on  electronic  and  lattice 
conduction  and  therefore  does  not  apply  to  transition  elements  in  which  electron-phonon 
interactions  involving  only  d  band  electrons  have  little  effect  on  electrical  conductivity  but 
may  have  a  significant  effect  on  lattice  conduction.  It  also  does  not  apply  to  alloys  in  which 
the  electron  mean  free  path  is  so  short  that  the  usual  treatment  of  the  electron- phonon  inter¬ 
action  ia  invalid;  typically,  these  are  allays  in  which  the  residual  resistivity  is  10  pR  cm 
or  greater. 

However,  if  one  attempts  to  estimate  the  of  an  alloy  from  tills  expression  the 
value  obtained  is  greater  than  the  experimental  value  by  a  factor  which  increases  rapidly 
with  solute  concentration  up  to  approximately  10  atomic  percent.  A  possible  explanation 
of  this  behavior  is  that  it  is  due  to  phonon  scattering  by  dislocations  which  are  so  strongly 
anchored  by  solute  atoms  that  they  remain  even  after  prolonged  annealing  at  hightemper- 
atures.  The  experimental  support  for  this  idea  is  some  reoent  measurement*  eh  Cu-Al 
alloys  at  the  University  of  Connecticut  (22]  which  show  that  suoh  behavior  is  aot  oba erred 
at  temperatures  below  about  0. 5  K,  where  the  dominant  phonon  wavelengths  are  larger  than 
the  range  of  the  dislocation  strain  field!  so  that  scattering  by  dislocations  is  grenliy  re¬ 
duced  [23] .  .  .  *  - 

Consequently,  at  present  oat  cannot  make  reliable  estimates  ofttte  kbfaUoys  it 
ICw  MDKpirlHirM  100  H  SSWI  M-OKMBMQ  Iff  MmTwilpF  Wm  mm* BT Wmti&swk 

conductivity.  Further,  cos  toft  ebtsinretedghVUms  of  the  k-from  tMhrail  rBmbicttvity 


reliable 


«  ke  from 
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are  given,  as  there  is  often  a  significant  variation  in  the  resistivities  of  specimens  having 
the  same  nominal  composition.  It  is  unfortunate  that  while  there  is  a  sizable  body  of  ex¬ 
perimental  data  showing  strong  composition  dependence  of  the  low-temperature  thermal 
conductivity  of  alloys,  in  most  cases  the  corresponding  values  of  the  electrical  resistivity 
are  not  reported,  ao  that  it  is  not  possible  to  relate  the  changes  in  the  two  quantities.  Finally, 
in  view  of  the  probability  that  residual  dislocations  are  responsible  for  a  large  portion  of 
the  thermal  resistivity,  one  cannot  reliably  extrapolate  curves  of  the  lattice  component  down 
to  temperatures  below  about  1. 5  K. 

In  order  to  make  it  possible  to  estimate  the  lattice  component  at  low  temperatures 
by  other  than  empirical  means,  it  is  necessary  to  develop  both  a  quantitative  theory  >f  im¬ 
purity  enhancement  of  the  phonon  scattering  in  alloys  of  ordinary  metals  and  a  theory  of 
low  temperature  lattice  conduction  in  transition  element  and  high  residual  resistivity  alloys. 

It  seems  that  progress  in  these  directions  will  involve  the  use  of  Pippard's  more  general 
equations  [24]  which  apply  to  a  non-spherical  Fermi  surface,  taking  into  account  changes 
in  its  shape  with  the  addition  of  solutes.  However,  application  of  tl.ia  theory  to  transition 
metals  presents  a  difficult  problem.  Since  electrical  conduction  is  mainly  fay  s  band  elec¬ 
trons,  the  residual  resistivity  is  a  measure  of  the  mean  free  path  of  the  s  electrons  and 
provides  no  information  about  the  mean  free  path  of  the  d  band  holes,  which  is  probably 
very  short. 

b.  Intermediate  Temperatures 

At  temperatures  near  the  maximum  of  the  lattice  component  the  resistive  processes 
which  limit  lattice  conduction  at  lower  and  higher  temperatures  are  comparable  in  magni¬ 
tude  and  the  problem  of  estimating  the  lattice  component  in  this  region  is  a  formidable  one. 

It  is,  first,  because  of  the  difficulties  associated  with  the  electron- phonon  interaction  dis¬ 
cussed  above  and,  secondly,  because  the  treatment  of  the  resistive  three-phonon  anharmonic 
interaction  in  this  region  is  complicated  by  the  fact  that  here  the  strength  of  these  interactions 
is  a  rapidly  varying  function  of  temperature. 

At  present  there  ia  no  method  available  for  the  calculation  of  in  this  temperature 

region.  In  this  work  the  values  of  in  this  region  are  derived  from  experimental  data 

and  the  calculated  values  of  k  . 

e 


c.  High  Temperature  Region 

At  temperatures  above  the  region  of  the  maximum  of  the  lattice  component,  typically 
#/5  for  allays  of  ordinary  metals  but  considerably  higher  for  some  transition-element  alloys, 
it  is  possible  to  estimate  the  lattice  thermal  conductivity  on  the  basis  of  a  theory  developed 
by  Klemens  [25]  and  Callaway  [26]  assuming  that  the  effect  of  the  electron- phonon  interaction 
can  be  neglected;  this  is  not  the  oase  for  some  transition  elements  in  the  lower  portion  of 
this  temperature  range. 
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The  reciprocal  relaxation  time  for  the  thermally  resistive  three-phonon  enharmonic 
interactions,  U-processes,  at  frequencies  not  too  close  to  the  Debye  limit  is  of  the  form 
BT  a)*  where  B  is  a  constant  determined  from  experiment,  T  is  the  temperature,  and  «  is 
the  frequency  of  the  lattice  wave.  The  reciprocal  relaxation  time  for  point-defect  scattering 
is  of  the  form  (a3/4f Tv3)  e  u)4  where  a3  is  the  average  volume  per  atom,  v  is  the  speed  of 
sound,  and  e  is  a  quantity  which  characterizes  the  perturbation  due  to  mass  defects  and 
distortions  of  the  lattice.  In  addition,  there  are  three-phonon  anharmonic  interactions, 
N-processes,  which  do  not  contribute  directly  to  the  thermal  resistivity  but  do  contribute 
indirectly  by  redistributing  energy  from  the  low  frequency  modes  to  the  high  frequency  modes 
which  are  strongly  scattered  by  the  point  defects.  The  reciprocal  relaxation  time  for  N- 
proc esses  has  the  same  form  as  that  for  the  U-processes  and,  as  argued  fay  Klemens,  et  al. 
[271 ,  appears  to  have  approximately  the  same  magnitude  in  this  temperature  region. 

Since  N-processes  do  not  contribute  directly  to  the  thermal  resistivity,  the  effective 
total  reciprocal  relaxation  time  is  not  simply  the  sum  of  the  individual  reciprocal  relaxation 
times.  Callaway  devised  a  formalism  in  which  the  N-processes  are  taken  into  account  cor¬ 
rectly  for  steady  state  lattice  conduction. 

Callaway  found  that  the  lattice  thermal  conductivity  is  given  by 


where 


■b 


i 


e/T 


x*  e 


C  <eX  -  1) 


r0/TIc 

»o 


x<  e 


N  (ex  -  l)2 


dx 


dx 


(14) 


(15) 

(16) 


(17) 


and  K  and  75  arc  the  Boltzmann  constant  and  the  reduced  Planck  constant,  v  is  the  speed  of 
sound,  and  x  =  tlco/KT  is  the  reduced  phonon  frequency.  Here  r  is  a  combined  relaxation 

C 

time,  obtained  as  the  reciprocal  of  the  sum  of  the  reciprocal  relaxation  times  for  the  var¬ 
ious  interactions,  tn  is  the  relaxation  time  for  N-processes,  and  the  term  I^2/Ic  occurs 
because  of  the  difference  between  r  and  the  effective  total  relaxation  time  resulting  from 
the  fact  that  N-processes  do  not  contribute  directly  to  the  thermal  resistivity. 

Writing  the  reciprocal  relaxation  times  for  point-defect  scattering,  U-processes 
and  N-processes  as  t  -*  *  Aw«,  ru**  *  BT  and  rN"*  *  aBT  u>*  rw-> actively,  where  a 


iUK'lU'  W 
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is  the  temperature- independent  ratio  of  reciprocal  relaxation  times  for  N-  and  U-processes, 
the  reciprocal  combined  relaxation  time  when  the  lattice  thermal  conductivity  is  limited 
by  these  interactions  is 


so  that 


T  **  =  [W+BT  (l  +  ot)l 


i.  flBT 
TN  Au^+BTd  +  e) 


(18) 


(19) 


and 


-Is.}  =aBTw2  d _ aBT _ V«BV  (Am2  +  BT) 

TNV  Tn'  '  Aco2  +  BT  ( 1  +  oy  Aw*  +  BT(l  +  a) 


(20) 


Upon  denoting  the  frequency  at  which  the  reciprocal  relaxation  times  for  point-defect 
scattering  and  U-processes  are  equal  by  tug,  noting  that:  u*,2  =  BT/A,  and  introducing  the 
reduced  frequency  x  =  h  to/KT,  so  that  x0  =  li  uig/KT,  these  relations  become: 


T*  =  BT  uj2  (1  +  o  +  W2/o>02)  =  BT  x2  (1  +  o  +  x2/x02) 


_QL 


and 


= _ Qt  =_ 

tn  1  +a  +  u)2/wo2  l  +a  +  x2/x02 


.  ,  t  n  o  BT  w2  (1 +w2/wo*)  (1+xVxg2) 

~  (i  -  - - =  a  BT  (^-)  x2 - 

TN  V  V  l+o  +  w2/ C0g2  1  +  o  +  x2/x02 

Thus,  for  the  present  case,  eqs.  (15)  to  (17)  become: 


(21) 

(22) 


(23) 


•(MM, 


6/T 


x2  exdx 


»  (ex  -  l)2  (1  +a  +  x2/x02) 


"  (kt)  (1+i  BT  I 


0/T 


x2  ex  dx 


(ex  -  l)2  [l  +■ 


x*2  (i  +a) 


] 


($)  (1  +o)  BT  I? 


(24) 


IS 


e/r 


x4  ex  dx 


(e  -  1)*  (1+o  +  xVxo*) 


?rfe  ** 


(25) 


l  i 


C  U)  J0  (ex-  i)»(l+o+x*A 


+a+x*/x0*) 

V 

Substituting  eqs.  (24)  to  (26)  into  eq.  (14)  yields 

k2  p  c^MO/T) 


(26) 


k_  = 


[ij  (0/T) 


8  (2ir2Hv  (l  +  a)  B]  w  ’  I*  (0/T)  +1,  (6/T)/V 

where  Iq  (0/T)  is  the  modified  transport  integral  given  by 

0/T 


(27) 


(0/T)  =  f 
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xnexdx 


(ex-  1)*[ 


1  + 


V  (i  +<*) 
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(28) 


and  x0  is  the  reduced  frequency  at  which  the  reciprocal  relaxation  times  for  U-processes 
and  point-defect  scattering  are  equal;  that  is  (see  eq.  (32) ) 


*0  =  1I(Up/KT 


HaUv  v3  B 
Kf  as€T 


(29) 


Equation  (27)  is  for  the  lattice  thermal  conductivity  as  limited  fay  both  point-defect 
scattering  and  three-phonon  enharmonic  interactions.  In  the  limit  of  vanishing  point-defect 
scattering,  when  the  thermal  conductivity  is  limited  fay  three-phonon  enharmonic  interac¬ 
tions  only  (denoted  by  ku) ,  Xj  becomes  infinite  so  that  the  modified  transport  integral  Iq(0/T) 
reduces  to  file  standard  transport  integral  JQ  (0/T)  and  eq.  (27)  reduces  to 


K* 


l2tr*  Hv  (1  +a)  B] 


where 


fj,  (0/T)  +«J4*  <0/T)/J,  (0/T)] 


0/T 


(30) 


Jn  <0/T)  =J#  xn  ex  dx/(ex  -  1)* 


(31) 


ky  is  the  high-temperature  lattice  thermal  conductivity  of  an  isotopically  pure  element;  in 
the  case  of  an  alloy  it  is  the  lattice  thermal  conductivity  of  an  idealized  "virtual"  crystal 
in  which  each  atom  has  the  same  average  mass  and  volume  of  the  alloy.  Point  defect  scat¬ 
tering  is  that  scattering  which  results  from  the  fact  that  the  actual  atoms  do  not  have  these 
masses  and  volumes. 

The  quantity  e  in  the  expression  for  the  reciprocal  relaxation  time  for  poinl-defect 
scattering, 


is  calculated  from  the  expression 

.Mt-M 


P  4*v3 


,VT-V 


c  w4 


(32) 


«-»l 


V  -V 

/  *  t»  ▼  v 


(33) 


where  M  and  V  are  the  average  atomic  mass  and  volume,  y^,  Mj  ,  and  V  j  are  the  atomic 
fraction,  mass,  and  volume  of  the  lighter  element,  y^,  M^,  and  are  the  corresponding 
values  for  the  heavier  element,  andy  is  the  Gritneisen  parameter.  M  is  calculated  in  the 
usual  way,  y  is  obtained  by  linear  interpolation,  and  V  is  estimated  from  Vegard’s  law. 


V^.yV.^  +  d-y)  v,1/3 


<H) 


where  y  is  the  atomic  fraction  of  the  solute  and  Vt  and  V2  are  the  atomic  volumes  of  the 
solute  and  solvent  elements  respectively.  The  mass  defect  terms  are  based  on  the  results 
of  Klemens  [28]  and  Tavernier  [29]  who  respectively  treated  the  case  of  a  light  atom  in 
a  heavy  matrix  and  that  of  a  heavy  atom  in  a  light  matrix.  The  difference  lies  in  the  response 
of  the  atom  to  the  driving  frequency  of  a  wave;  in  the  former  case  the  atom  can  respond 
rapidly  enough  that  the  speed  of  oscillation  may  be  considered  unaffected  so  that  the  pertur¬ 
bation  is  proportional  to  the  deviation  from  the  average  mass  while  in  the  latter  case  it  is 
better  to  consider  the  momentum  as  being  unaffected  so  that  the  perturbation  is  proportional 
to  the  difference  of  the  reciprocals  of  the  average  and  impurity  masses.  The  distortion 
terms  and  the  form  of  c  are  based  on  the  results  of  Ackerman  and  Klemens  [30 1  who  redis¬ 
covered  the  fact  [31]  that,  contrary  to  what  is  often  stated,  the  displacement  field  of  a 
spherical  impurity  in  an  elastic  continuum  has  a  non-vanishing  non-uniform  dilation  and 
used  a  treatment  that  retained  the  phase  relationship  between  the  effects  of  the  dilation  and 
mass  defect.  Equation  (33)  does  not  take  into  account  the  difference,  Af,  in  the  force  con¬ 
stant  due  to  the  mismatch  of  atomic  bonds;  however,  neutron  scattering  and  Mosabauer 
experiments  [32,33]  indicate  that  Af  is  very  small. 

The  coefficient  in  eq.  (27)  is  the  same  as  the  coefficient  in  eq.  (30)  and  is  estimated 
from  Ute  latter.  This  is  done  by  estimating  6  in  the  manner  described  below,  estimating 


15 


ku  of  the  virtual  crystal  at  some  temperature  T’  below  the  Debye  temperature  by  linear 

interpolation  between  the  values  for  the  elements,  and  taking  a  equal  to  unity;  it  has  been 

found  that  the  values  of  k,  are  not  sensitive  to  small  changes  in  a.  Then  k  is  estimated 

g  g 

from  the  expression 


kg  =  ku(T») 


i2  <e/T)  +i«J  <e/T)/n,  <e/T>  +i„  (e/n/vi 


j2  (0/t»)  +j4*  <e/T*> 

which,  for  a  pure  element,  reduces  to 


(35) 


J2  (6/T)  +J4*  (0/T)/J,  (0/ T) 

K  =  IUT') -  (36) 

*  U  J2  <0/T')  +J4*  (0/T*)/Je  <0/T') 

Equations  (35)  and  (36)  are  the  equations  used  in  our  calculations  for  the  lattice  thermal 
conductivity  of  alloys  and  of  pure  elements,  respectively.  It  should  be  noted  that  eq.  (35) 
applies  only  to  disordered  solid-solution  allays. 

The  accuracy  of  the  estimates  obtained  from  eq.  ( 35)  clearly  depends  on  the  accuracy 
of  the  values  of  ku  for  the  virtual  crystal.  Experimental  values  of  ku  for  the  elements,  which 
essentially  are  the  values  of  the  lattice  component  of  very  dilute  alloys,  are  available  for 
only  three  of  the  metals  included  in  this  study:  Cu,  Au,  and  Ag.  However,  it  was  found 
that  the  experimental  values  for  these  metals  each  differed  from  the  values  obtained  from 
the  modified  [34]  Leibfried-Schlbmann  (351  equation  by  approximately  the  same  factor. 
Accordingly  initial  estimates  of  the  values  of  k^  for  the  other  elements  were  obtained  from 
this  equation  multiplied  by  the  reciproeal  of  that  factor,  i.  e. , 


kuT»  =  5.7  x  10"* 


M  0s  V1/3 
(y  +0.5)* 


(37) 


where  M,  0,  y,  and  V  have  the  same  meanings  as  before,  K  is  unfortunate  that  in  this 
equation  the  Debye  temperature  is  raised  to  the  third  power,  as  the  high  temperature  val¬ 
ues  of  the  Debye  temperature  obtained  from  various  physical  properties  differ  considerably. 
The  values  of  the  Debye  temperatures  and  other  parameters  used  in  eq.  (37)  for  the  nine 
dements  constituting  the  ten  selected  binary  alloy  systems  covered  in  this  work  are  given 
in  Table  l. 


While  in  some  cases  it  was  possible  to  improve  on  the  initial  estimates  of  1^  for 
some  elements  on  the  basis  of  experimental  data  for  a  range  of  compositions,  in  others 
it  was  net,  and  the  estimates  of  the  lattice  thermal  conductivities  of  alloys  eootainiiqf  the 
latter  elements  are  accordingly  less  reliable  than  those  contain! i«  the  former.  While  mea¬ 
surements  of  the  thermal  conductivity  of  very  dilute  alloys  of  additional  elements  would 
make  possible  more  reliable  estimate#  of  alloy  lattice  thermal  conductivity,  in  view  of  the 


Table  1.  Parameters  for  the  Calculation  of  Lottloe  Thermal  Conductivity 
of  Elements  Using  Equation  (37)* 


Element 

M 

V 

y 

6 

Aluminum 

26.98154 

io.oob 

2.18 

385 

Copper 

03.54 

7.114 

1.97 

313 

Gold 

196.9665 

10.22 

3.09 

160 

Iron 

55.847 

7.094 

1.81 

373 

Magnesium 

24.335 

14.00° 

1.63 

363 

Nickel 

58.71 

6.593 

2.00 

312 

Palladium 

106.4 

8.879 

2.18 

264 

Silver 

107.868 

10.27 

2.46 

213 

Zinc 

65.38 

9. 165d 

2.05 

326 

a  The  values  of  y  and  0  are  selected  from  ref.  [36]  with  some  of 
the  values  adjusted  in  order  to  be  consistent  with  the  experimental 
thermal  conductivity  data. 

k  In  calculating  c.  the  molar  volumes  used  for  aluminum  were  8. 576 
and  9. 032.  The  first  value  corresponds  to  the  size  of  aluminum 
atoms  in  copper  as  determined  from  the  change  in  the  lattice  para¬ 
meter  of  copper  upon  the  addition  of  aluminum  [37,  Vol.  1] .  The 
second  value  was  obtained  from  foe  change  in  the  volume  of  the 
primitive  cell  upon  foe  addition  of  aluminum  to  magnesium  as  cal¬ 
culated  from  the  changes  In  the  lattice  parameters  of  magnesium 
upon  foe  addition  of  aluminum  [37,  Vol.  2] . 

In  calculating  «,  the  molar  volume  used  for  magnesium  was  13. 77 
corresponding  to  the  sice  of  magnesium  atoms  in  aluminum  as  de¬ 
termined  from  the  change  in  foe  lattiee  parameter  of  aluminum  upon 
foe  addition  of  magnesium  [37,  Vol.  2] . 

d  In  calculating  (,  foe  molar  volume  used  for  mine  waa  8.534  corre¬ 
sponding  to  foe  size  of  zinc  atoms  in  copper  as  determined  from 
foe  change  in  foe  lattice  parameter  of  copper  upon  foe  addition  of 
zinc  [37,  Vol.  2] . 


uncertainty  of  the  separation  of  the  electronic  lattice  components  of  very  dilute  alloys 
at  temperatures  above  that  of  the  maximum  of  the  lattice  component,  it  would  also  be  use¬ 
ful  to  have  measurements  of  the  thermal  conductivity  of  some  denser  alleys  of  pairs  of  these 
elements  in  this  temperature  range. 

The  value  of  the  Debye  temperature,  6,  for  the  upper  limit  of  the  integrals  in  eq.  (35) 
is  estimated  from  the  value  of  ku  for  the  virtual  crystal  by  means  of  the  modified  Leibfried- 
Schldmann  equation,  adjusted  to  yield  values  for  the  lattice  component  in  agreement  with 
those  obtained  from  experimental  data  on  very  dilute  alloys  as  described  above: 


6  =  260 


Ay  +o.  5)*kuTn1/3 

.  ^173  J 


where  y  is  the  Gruneisen  parameter,  and  M  and  V  are  the  average  molar  mass  volume. 

Agreement  between  the  values  obtained  from  eq.  ( 35)  and  those  obtained  from 
measurements  of  thermal  conductivity  for  the  various  alloy  systems  is  discussed  in  the 
text;  in  general,  it  was  better  for  alloy  systems  exhibiting  complete  solid  solubility.  Another 
general  result  is  that  the  values  from  eq.  (35)  for  dilute  alloys  tended  to  be  too  low  at  the 
low  end  of  this  temperature  range.  A  possible  explanation  of  this  discrepancy  is  that  the 
present  treatment  does  not  take  into  account  the  "freezing  out"  of  U-processes  which  occurs 
when  the  temperature  is  reduced  to  the  point  at  which  there  are  few  phonons  having  wave 
vectors  of  sufficient  length  to  participate  in  such  processes.  Such  a  reduction  in  U-processes 
could  significantly  reduce  the  thermal  resistivity  of  dilute  alloys  but  cause  only  a  small 
decrease  in  the  thermal  resistivity  of  dense  alloys. 

The  most  important  deficiency  of  the  present  treatment  is  that  the  analysis  leading 
to  eq.  (35)  does  not  Include  the  electron-phonon  interaction,  for  which  an  adequate  theory 
has  not  yet  been  developed.  As  noted  earlier,  this  interaction  contributes  significantly  to 
the  thermal  resistivity  in  some  transition  element  alloys;  this  is  ture  of  the  Pd-rich  alloys 
considered  in  this  study  and  eq.  (35)  could  not  be  used  to  calculate  the  values  of  the  lattice 
component  in  these  alloys  below  their  Debye  temperatures. 

At  high  temperatures  the  values  obtained  from  eq.  (35)  are  nearly  the  same  as  those 
from  an  approximate  expression  derived  independently  by  Abeles  (38]  and  Parrott  [39] , 
but  there  are  significant  differences  below  the  Debye  temperature,  where  the  high  temper¬ 
ature  approximation  used  by  these  authors, 

x*  e*/(ex-l)*  ~  1 

ceases  to  be  valid.  However,  because  of  a  partial  cancellation  of  errors  these  differences 
are  much  smaller  than  might  be  expected  from  the  use  of  the  high  temperature  «ppr*>xfmwti^y>  i 


tlie  use  of  eq.  (35)  rather  than  an  approximate  expression  for  the  calculation  of 
the  lattice  thermal  conductivity  is  to  some  extent  a  reflection  of  the  present  availability 
of  high-speed  digital  computers.  The  expression  tor  the  quantity  c,  eq.  (33) ,  which  takes 
into  account  die  point-defect  scattering  due  to  both  the  mass  difference  and  the  distortion 
of  the  lattice  aad  is  first  derived  and  given  in  die  present  work,  is  definitely  an  improve¬ 
ment  of  the  theory. 
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3.  DATA  EVALUATION  AND  GENERATION  OF  RECOMMENDED  VALUES 

Due  to  the  difficulties  in  accurate  measurement  of  the  thermal  conductivity  of  solids 
and  in  exact  characterization  of  test  specimens,  the  available  experimental  data  on  thermal 
conductivity  extracted  from  various  research  documents  are  usually  widely  divergent  and 
subject  to  large  uncertainty.  It  is  therefore  very  important  to  critically  evaluate  the  vali¬ 
dity  and  reliability  of  the  available  data  and  related  information,  to  resolve  and  reconcile 
the  disagreements  in  conflicting  data,  and  to  generate  recommended  reference  values. 

In  the  critical  evaluation  of  the  validity  and  reliability  of  a  particular  set  of  thermal 
conductivity  data,  the  temperature  dependence  of  the  data  was  examined  and  any  unusual 
dependence  or  anomaly  carefully  investigated,  the  experimental  technique  reviewed  to  see 
whether  the  actual  boundary  conditions  in  die  measurement  agreed  with  those  assumed  in 
the  theory  and  whether  all  the  stray  heat  flows  and  losses  were  prevented  or  minimized 
and  accounted  for,  the  reduction  of  data  examined  to  see  whether  ail  the  necessary  correc¬ 
tions  had  been  appropriately  applied,  and  the  estimation  of  uncertainties  checked  to  ensure 
that  all  the  possible  sources  of  errors  had  been  considered. 


Experimental  data  could  be  judged  to  be  reliable  only  if  all  sources  of  systematic 
error  bad  been  eliminated  or  minimized  and  accounted  for.  Major  sources  of  systematic 
error  include  unsuitable  experimental  method,  poor  experimental  technique,  poor  instru¬ 
mentation  and  poor  sensitivity  of  measuring  devices,  sensors,  or  circuits,  specimen  and/or 
thermocouple  contamination,  unaccounted  for  stray  heat  flows,  incorrect  form  factor,  and 
perhaps  most  important,  the  mismatch  between  actual  experimental  boundary  conditions 
and  those  assumed  in  the  analytical  model  used  to  derive  the  value  of  thermal  conductivity. 
These  and  other  possible  sources  of  errors  have  been  carefully  considered  in  critical  eval¬ 
uation  of  experimental  data. 

The  uncertainty  of  a  set  of  data  depends,  however,  not  only  on  the  estimated  error 
of  the  data  but  also  on  the  adequacy  of  characterization  of  the  material  for  which  the  data 
are  reported.  For  instance,  suppose  a  set  of  thermal  conductivity  data  obtained  for  a  cold- 
worked  specimen  of  brass  with  a  composition  of  70. 08%  Cu,  28. 77%  Zn,  and  1. 17%  Pb  is 
accurate  to  within  ±  2%.  If  the  author  knew  and  reported  his  specimen  only  aa  70:30  brass, 
the  uncertainty  of  his  data  for  a  70:30  brass  would  not  be  just  ±2%  but  might  exceed  ±20%. 

It  has  bean  found ,  in  this  and  other  studies  that  the  chemioal  composition  of  a  specimen  re¬ 
ported  fay  the  author  is  often  unreliable.  This  may  be  beoause  in  many  mass  the  stated 
composition  is  the  result  of  ladle  analysis  which  the  author  obtained  from  tbs  company  who 
supplied  foe  specimen  and  it  oaa  at  best  represent  only  the  nominal  composition}  the  aotusl 
composition  variaa  from  sample  to  sample.  In  other  cases  there  is  a  etna*  tendenoy  for 
only  certain  elemanta  to  be  covered  by  a  particular  chemioal  nmdynte  which  exadd  miss  other] 
important  constituents.  Furthermore,  tits  chemical  composition  of  a  specimen  may  change  1 


when  it  is  measured  at  high  temperatures.  For  binary  alloys  it  has  been  found  that  the 
actual  composition  of  a  specimen  may  be  inferred  from  its  electrical  resistivity  if  reported. 

In  the  process  of  critical  evaluation  of  experimental  data  described  above,  erroneous 
data  were  eliminated.  The  remaining  data  were  then  subjected  to  further  critical  analysis. 
For  those  test  specimens  for  which  experimental  data  on  both  thermal  conductivity  and  elec¬ 
trical  resistivity  ware  reported,  the  electrical  resistivity  data  were  used  for  the  calculation 
of  electronic  thermal  conductivity  values  using  eq.  (12) .  Lattice  thermal  conductivity  values 
were  derived  as  the  differences  of  the  experimental  k  data  and  the  calculated  kg  values. 

These  "experimental"  kg  values  derived  from  different  sets  of  experimental  k  data  were 
then  intercampared  and  also  compared  with  the  calculated  values  from  eq.  (35)  reg:  rding 
their  temperature  dependence  and  magnitude.  During  these  comparisons,  the  validity  and 
reliability  of  the  available  experimental  data  could  further  be  judged.  The  electrical  resis¬ 
tivity  data  reported  for  the  test  specimens  on  which  thermal  conductivity  measurements 
were  made  were  also  evaluated  critically  in  connection  with  evaluation  of  all  the  electrical 
resistivity  data  available  from  the  literature  for  each  of  the  alloy  systems,  from  which  the 
recommended  electrical  resistivity  values  were  generated. 

As  detailed  in  Section  2,  the  electronic  component  of  the  thermal  conductivity  was 
calculated  from  eq.  (12) ,  which  is  applicable  to  alloys  in  both  the  solid  solution  region  and 
the  mechanical  mixture  region.  In  this  calculation,  the  recommended  electrical  resistivity 
values  for  the  selected  compositions  of  the  present  ten  alloy  systems  and  their  constituent 
elements  are  available  from  ref.  (7] ,  the  recommended  thermoelectric  power  values  ar^ 
available  from  ref.  [40] ,  the  recommended  thermal  conductivity  values  and  the  values  of 
fi  for  the  pure  elements  are  available  from  ref.  [5) ,  and  the  lattice  thermal  conductivity 
values  of  the  pure  elements  used  as  corrections  in  the  calculation  of  Wgl  from  eq.  (7)  are 
calculated  from  eq.  (36) .  As  examples  to  show  the  recommended  electrical  resistivity 
and  thermoelectric  power  values  used  for  the  calculations.  Figures  1  and  2  show  the  rec¬ 
ommended  electrical  resistivity  of  the  copper- nickel  alloy  system  available  from  ref.  |7l 
and  Figures  3  and  4  show  the  recommended  absolute  thermoelectric  power  of  the  same 
alloy  system. 

The  lattice  thermal  conductivity  of  alloys  was  calculated  from  eq.  (35) ,  in  which 
the  ku  values  were  calculated  from  eq.  (37)  using  the  values  of  the  Debye  temperatures  and 
the  other  parameters  given  in  Table  1.  The  value  of  the  Debye  temperature  for  die  upper 
limit  of  the  integrals  in  eq.  (35)  was  estimated  from  eq.  (38).  It  fs  Important  to  note  that 
eq.  (35)  is  applicable  only  to  disordered  soUd- solution  alloys  and  only  for  moderate  and 
high  temperatures.  Beyond  the  solid  eolation  region  and  at  low  temperatures,  the  lattice 
thermal  conductivity  was  first  obtained  as  the  difference  of  die  experimental  total  thermal 
MrtKttrtty  ud  ft.  crtftftfed  -octroi*  ftOTftl  Th.  "xpMftXl"  *-  rfft 


were  then  graphically  smoothed  and  synthesized  to  obtain  the  values  for  alloys  of  the  selected 

compositions.  In  the  solid-solution  region  and  at  moderate  and  high  temperatures,  the 

"experimental"  kg  values  were  used  to  check  the  kg  values  calculated  from  eq.  (35) .  If 

there  were  disagreements  and  the  "experimental"  kg  values  were  considered  more  reliable, 

the  values  of  the  lattice  thermal  conductivity  of  the  virtual  crystals,  ku,  used  in  eq.  (35) 

would  be  adjusted  so  that  the  calculated  k  values  were  in  agreement  with  the  "experimental" 

k  values, 
g 

In  graphical  smoothing  and  synthesis  of  data,  cross-plotting  from  conductivity  versus 
temperature  to  conductivity  versus  composition  and  vice  versa  was  often  used.  Smooth 
curves  were  drawn  which  approximate  the  best  fit  to  the  conductivity  data  versus  tempera¬ 
ture,  and  points  from  die  smoothed  curves  were  used  to  construct  conductivity  versus  com¬ 
position  curves  for  a  convenient  set  of  selected  temperatures.  In  the  conductivity  versus 
composition  graph,  the  families  of  isotherms  were  similar  and  any  required  smoothing  of 
the  data  could  be  done  more  easily  and  with  greater  confidence  than  when  working  directly 
with  the  conductivity-temperature  curves.  The  points  from  the  smoothed  curves  were  then 
used  to  construct  conductivity-temperature  curves  for  the  selected  compositions ,  and  these 
curves  were  further  smoothed.  In  the  graphical  smoothing  process  it  is  extremely  important 
that  the  alloy  phase  diagrams  ( 104, 183, 184 ]  be  constantly  consulted  and  the  phase  boundar¬ 
ies  between  solid  solutions  and/or  mechanical  mixtures  and  the  boundaries  of  magnetic 
transitions  be  kept  in  mind,  so  as  to  be  aware  of  any  possible  discontinuity  or  spdden  change 
of  slope  in  the  thermal  conductivity  curves. 

The  total  thermal  conductivity  values  were  thus  obtained  as  the  sum  of  the  kg  values 

calculated  from  eq.  (12)  and  the  kg  values  derived  from  die  "experimental"  kg  values  or 

calculated  from  eq.  ( 35) ,  which  might  have  been  adjusted  to  fit  the  "experimental"  k  values, 

© 

if  such  values  were  available  and  reliable. 
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TEMPERATURE 
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4.  THERMAL  CONDUCTIVITY  OF  BINARY  ALLOY  SYSTEMS 

In  the  following  subsections  the  recommended  (or  provisional  or  typical)  values  for 
the  total  thermal  conductivity,  electronic  thermal  conductivity,  and  lattice  thermal  conduc¬ 
tivity  and  the  original  experimental  data  for  the  thermal  conductivity  of  the  ten  selected 
binary  alloy  systems  are  given,  together  with  a  discussion  of  each  system,  reviewing  in¬ 
dividual  pieces  of  available  data  and  information  and  discussing  the  considerations  involved 
in  arriving  at  the  final  assessment  and  recommendations.  The  conductivity  values  arc  for 
well-annealed  disordered  alloys. 

In  this  work,  the  term  "binary  alloy  system"  refers  to  the  full  range  of  compi  sition 
of  two  alloying  elements  and  is  signified  by  a  hyphen  between  the  two  elements,  sueh  as 
aluminum-copper  alloy  system.  The  term  "binary  alloys"  refers  to  a  group  of  binary  alloys 
in  which  the  first  alloying  element  is  predominent  and  is  signified  by  a  plus  between  the  two 
elements,  such  as  aluminum  +  copper  alloys. 

In  the  figures  and  tables,  weight  percent  is  denoted  by  #  and  atomic  percent  by  At.1/. 

In  the  figures  of  recommended  ( or  provisional  or  typical)  values  continuous  ( solid)  curves 
represent  recommended  values,  long-dashed  curves  represent  provisional  values,  and  dash- 
dot-dash  curves  represent  typical  values.  The  short -dashed  portion  of  any  of  the  above  three 
kinds  of  curves  represents  values  in  the  temperature  ranges  where  no  experimental  data  arc; 
available.  In  the  tables  of  recommended  (or  provisional  or  typical)  values,  the  values  of 
residual  electrical  resistivity  of  the  alloys  are  given,  which  is  for  the  purpose  of  helping  to 
characterize  and  identify  the  alloys  for  which  the  values  are  presented.  The  difference  among 
recommended,  provisional,  and  typical  values  is  due  to  their  ranges  of  uncertainties  assigned. 
The  ranges  of  uncertainties  of  recommended,  provisional,  and  typical  values  are  less  than 
±15$,  between  ±15$  and  ±30$,  and  greater  than  ±  30#,  respectively.  In  the  tables  on  specimen 
characterization  and  measurement  information,  the  code  designations  used  for  experimental 
methods  for  thermal  conductivity  determinations  are  as  follows: 

C  Comparative  method 
E  Direct  electrical  heating  method 
F  Forbes'  bar  method 
L  Longitudinal  heat  flow  method 
P  Periodic  or  transient  heat  flow  method 
R  Radial  heat  flow  method 
T  Thermoelectrical  method 

In  each  of  the  subsections  that  follow,  the  thermal  conductivity  data  and  information 
are  presented  in  the  following  order:  discussion  text,  tables  of  recommended  values,  figures 
of  recommended  curves,  figures  of  experimental  data,  and  tables  of  specimen  characterization 
and  measurement  information. 


4. 1.  Aluminum-Copper  Alloy  System 


The  aluminum-copper  alloy  system  does  not  form  a  continuous  series  of  solid  solutions. 
The  maximum  solid  solubility  of  copper  in  aluminum  is  5.70%  (2. 50  At.%)  at  821  K  and  the 
solubility  decreases  to  0. 1-0.2%  (0.04-0.08  At.%)  at  523  K.  The  maximum  solid  solubility 
of  aluminum  in  copper  is  9.4%  (19.6  At.%)  in  the  range  from  about  650  to  838  K  and  the 
solubility  decreases  at  higher  and  lower  temperatures.  Thus  the  region  of  solid  solution 
is  limited.  However,  the  equation  derived  for  the  calculation  of  the  electronic  component 
of  thermal  conductivity,  eq,  (12),  is  applicable  to  all  phases,  though  the  equation  for  the 
calculation  of  the  lattice  component,  eq.  (35) ,  can  be  used  only  for  solid  solutions,  as  noted  \ 
before  in  Sections  2  and  3.  Beyond  the  solid  solution  region,  the  lattice  thermal  conductivity 
has  been  derived  from  the  experimental  total  thermal  conductivity  and  the  calculated  elec¬ 
tronic  component. 

There  are  188  sets  of  experimental  data  available  for  the  thermal  conductivity  of 
this  alloy  system.  However,  of  the  49  data  sets  for  A1  +Cu  alloys  listed  in  Table  3  and 
shown  in  Figure  7,  10  sets  are  merely  single  data  points  around  room  temperature  and  27 
sets  cover  only  a  narrow  temperature  range  from  around  room  temperature  to  about  500  K. 

Of  the  139  data  sets  for  Cu  +  A1  alloys  listed  in  Table  4  and  shown  in  Figure  8,  20  sets  are 
single  data  points,  15  sets  cover  the  narrow  temperature  range  from  around  room  temper¬ 
ature  to  about  500  K,  and  84  sets  are  for  temperatures  below  4. 5  K. 

For  the  A1  +  Cu  allays,  all  measurements  were  made  between  room  temperature 
and  800  K  except  four  (A1  +  Cu  curves  6-8,  and  16)  which  were  measured  down  to  about 
80  K  for  specimens  containing  4. 0,  8. 0,  and  15. 0%  Cu  [41,42]  and  except  the  two  of 
Saitcrthwaite  [43]  who  investigated  the  thermal  conductivity  of  a  specimen  containing  0. 3% 

Cu  in  both  the  superconducting  and  normal  states  ( Al  +  Cu  curves  25  and  26) .  A  thermal 
conductivity  versus  composition  curve  for  300  K  was  constructed  following  mainly  the  data 
of  Griffiths  and  Schofield  [44]  ( Al  +  Cu  curves  1-5)  and  of  Smith  [45]  (A1  +  Cu  curves  12-15). 
Electronic  thermal  conductivity  values  at  300  K  were  calculated  from  eq.  (12)  using  elec-  | 
trical  resistivity  reported  in  [7] ,  thermoelectric  power  reported  in  [40] ,  thermal  conductivity! 
of  aluminum  and  the  value  of  (i  reported  in  [5] ,  and  lattice  thermal  conductivity  of  aluminum  I 
calculated  from  eq.  (36) .  These  k  values  were  also  plotted  on  the  conductivity-composition  1 
graph.  The  differences  kg  between  the  experimental  total  thermal  conductivity  k  and  the  1 
calculated  electronic  component  kg  for  die  various  compositions  were  taken.  These  kg  values! 
were  extrapolated  to  higher  temperatures  up  to  the  solidus  points  according  to  the  temper-  I 
ature  dependence  of  eq.  (35)  and  to  lower  temperatures  according  to  the  pattern  of  kg  curves! 
of  aluminum-copper  system  derived  from  the  available  experimental  k  and  the  calculated  1 
ke  around  the  region  of  maximum  kg  and  according  to  T*  dependence  at  lower  temperatures  ! 
assuming  kg  to  be  negligible  at  1  K.  The  values  were  then  adjusted  so  that  the  extrapolated  ! 
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k  values  plus  their  corresponding  k  values  yield  total  k  values  which  fit  the  experimental 

D  © 

data  in  those  regions.  The  total  thermal  conductivity  values  were  then  obtained  by  adding 
the  calculated  values  of  kg  to  the  adjusted  extrapolated  values  of  k^.  The  results  arc  in 
agreement  with  the  data  of  Griffiths  and  Schofield  [44]  (A1+  Cu  curves  1-5),  Smith  (45| 

(A1  +  Cu  curves  12-14),  and  Griffiths  and  Shakespear  [44]  ( A1  +  Cu  curve  17)  above  room 
temperature  to  within  5%.  No  appropriate  comparison  is  available  below  room  temperature. 

On  the  copper-rich  side,  several  measurements  were  made  between  4  K  and  80  K  [48| 
(Cu  +  A1  curves  111-121)  for  alloys  containing  4.07,  0.43,  and  6.97%  Al.  The  conductivity- 
composition  curve  at  300  K  was  constructed,  based  mainly  on  the  data  of  Smith  and  Palmer 
[49]  (Cu  +  Al  curves  2-9)  and  Smith  [45]  ( Cu  +  Al  curves  14-18) ,  which  are  considered 
reliable.  The  k  values  were  calculated  from  eq.  (12)  and  those  at  390  K  were  plotted  on 

V 

the  conductivity-composition  graph.  The  differences  k  between  k  and  k  ^  were  obtained  for 
all  compositions.  These  values  were  adjusted  so  that  their  extrapolations  to  lower  tem¬ 
peratures,  according  to  the  method  described  above  for  Al  +  Cu  alloys,  fit  the  values 
derived  from  experimental  data  of  Chu  and  Lipschultz  [48|  (Cu  +  Al  curves  111-121)  und  of 
Friedman  150|  (Cu  +  Al  curves  122-126) .  Above  300  K  the  k^  values  were  extrapolated  to 
the  solidus  points.  The  total  thermal  conductivity  values  were  then  obtained  by  adding  the 
calculated  values  of  k^  to  the  adjusted  extrapolated  values  of  k^.  Because  of  the  lack  of 
experimental  electrical  resistivity  data,  no  total  k  values  are  given  below  200  K  for  the 
alloy  with  10%  Al,  below  300  K  for  the  alloy  with  15%  Al,  and  at  temperatures  other  than 
300  K  for  the  alloy  with  20%  Al.  The  resulting  recommended  values  at  low  temperatures 
are  in  agreement  with  the  data  of  Salter  and  Charsley  [51]  (Cu  +  Al  curves  19-26) ,  Kusunaki 
and  Suzuki  [53]  (Cu  +  Al  curves  45-52) ,  Chu  and  Lipschultz  [48]  (Cu  +  Al  curves  111-121) , 
and  Friedman  [50]  (Cu  +  Al  curves  122-126)  to  within  6%,  and  those  at  higher  temperatures 
are  in  agreement  with  the  data  of  Smith  and  Palmer  [49]  (Cu  +  Al  curves  2-9) ,  llanson  and 
Rodgers  [47]  (Cu  +  Al  curves  10-13) ,  Inouye  [55]  (Cu  +  Al  curves  37  and  38) ,  Smith  and 
Palmer  [49]  (Cu  +  Al  curve  78) ,  and  Aliev  [116]  (Cu  +  Al  curves  57-65  and  67)  to  within  10%. 

The  resulting  recommended  values  for  k,  k  ,  and  k  are  tabulated  in  Tabic  2  for  25 

e  g 

alloy  compositions.  These  values  are  for  well-annealed  alloys.  The  values  for  k  are  also 
shown  in  Figures  5  and  6.  For  most  of  the  alloy  compositions,  the  temperature  range 
covered  is  from  4  K  to  the  temperature  where  melting  starts.  The  values  of  residual  elec¬ 
trical  resistivity  for  the  alloys  are  also  given  in  Table  2.  The  uncertainties  of  the  k  values 

are  stated  in  a  footnote  to  Table  2,  while  the  uncertainties  of  the  k  and  k  values  are  indi- 

•  f 

cated  by  their  being  designated  as  recommended,  provisional,  or  typical  values.  Urn  ranges 
of  uncertainties  of  recommended,  provisional,  and  typical  values  are  less  than  415%,  between 
+  15  and  ±  30%,  and  greater  than  db  30%,  respectively. 
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4. 2.  Aluminum-Magnesium  Alloy  System 

The  aluminum-magnesium  alloy  system  does  not  form  a  continuous  series  of  solid 
solutions.  The  maximum  solid  solubility  of  magnesium  in  aluminum  is  17. 4%  (18. 9  At.%) 
at  723  K  and  the  solubility  decreases  at  higher  and  lower  temperatures,  being  only  1.9% 

(2. 1  At.%)  at  373  K.  The  maximum  solid  solubility  of  aluminum  in  magnesium  is  12. 7% 
(11.6  At.%)  at  710  K  and  likewise  it  decreases  at  higher  and  lower  temperatures,  being 
only  about  1. 5%  (1.3  At.%)  at  373  K.  Thus  the  region  of  solid  solution  for  this  system  is 
even  more  limited  than  that  of  the  aluminum -copper  alloy  system. 

There  are  40  sets  of  experimental  thermal  conductivity  data  available  for  this  iystem. 
Of  the  22  data  sets  for  A1  +  Mg  alloys  listed  in  Table  6  and  shown  in  Figure  11,  seven  sets 
are  merely  single  data  points.  Of  the  18  data  sets  for  Mg  +  A1  alloys  listed  in  Table  7  and 
shown  in  Figure  12,  10  sets  are  single  data  points. 


For  the  A1  +  Mg  alloys,  measurements  were  limited  to  specimens  containing  no  more 

than  15%  Mg.  The  recommended  curves  are,  therefore,  given  for  o.  0  to  10%  Mg  alloys  only. 

They  follow  the  general  trend  of  the  data  of  Johnson  [56]  (A1  +  Mg  curves  5  and  6)  and 

Powell,  et  al.  [57]  (A1  +  Mg  curves  18-22)  at  low  temperatures  and  the  data  of  Mikryukov 

and  Karagezyan  [58|  (Al  +  Mg  curves  8-11)  at  high  temperatures.  At  300  K  the  k  values 

were  calculated  from  eq.  (12) ,  and  the  k^  values  at  300  K  were  derived  as  the  differences 

between  k  and  k  values.  These  k  values  were  extrapolated  to  higher  temperatures  up  to 
e  g 

the  sodidus  points  according  to  the  temperature  dependence  of  eq.  ( 35)  and  to  lower  temper¬ 
atures  according  to  the  pattern  of  k^  curves  derived  from  the  available  experimental  k  and 
the  calculated  ke  around  the  region  of  maximum  k^  and  according  to  T2  dependence  at  lower 
temperatures  assuming  kg  to  be  negligible  at  1  K.  The  total  thermal  conductivity  values 

were  then  obtained  by  adding  the  extrapolated  k  and  the  calculated  k  .  The  resulting  rec- 

g  e 

ommended  values  agree  with  the  data  of  Powell  et  al.  [57]  (Al  +  Mg  curves  18-20)  at  low 
temperatures  to  within  10%  and  with  the  data  of  Meyer-Rassler  [122]  (Al  +  Mg  curve  7)  and 
of  Mikryukov  and  Karagezyan  [58]  (Al  +  Mg  curves  8-11)  at  higher  temperatures  to  within  8%. 
The  kg  values  are  very  uncertain  and  are  merely  to  serve  as  correction  terms  for  the  derivation 
of  the  total  thermal  conductivities. 


For  the  Mg  +  Al  alloys,  no  measurements  were  made  below  85  K  and  none  for  alloys 

containing  more  than  14%  Al.  The  data  of  Smith  [45]  ( Mg  +  Al  curves  1  and  2)  and  Kikuchi 

[59]  (Mg  +  Al  curves  8-13)  were  favored  in  constructing  the  conductivity -composition  curve 

for  300  K.  The  k  values  were  calculated  from  eq.  ( 12)  and  those  at  300  K  were  plotted  on 

the  conductivity-composition  graph.  The  kg  values  at  300  K  were  taken  as  the  differences 

between  k  and  k  values.  These  k  values  were  similarly  extrapolated  to  low  and  high  temper- 

atures  according  to  the  appropriate  temperature  dependences,  which  are  very  uncertain.  The 

total  thermal  conductivity  values  were  obtained  by  adding  these  k  to  the  calculated  k  .  Since 

g  e 
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there  is  no  information  as  to  where  the  maxima  of  the  k  curves  occur,  no  k  values  are 

g  g 

given  below  100  K  and  hence  no  total  k  values  are  reported  at  low  temperatures  for  the  dilute 
alloys,  even  though  the  k  values  are  known.  The  k  values  of  the  5  and  10%  A1  alloys  are 
restricted  to  the  range  between  250  and  350  K,  since  electrical  resistivity  values  are  avail¬ 
able  only  in  this  range.  The  recommended  values  are  in  agreement  with  the  dataofKikuchi 
[59]  ( Mg  +  A1  curves  8-13) ,  Smith  [45]  ( Mg  +  A1  curves  1  and  2) ,  and  Giuliani  [125]  ( Mg  + 
A1  curve  14)  to  within  6%. 

The  resulting  recommended  values  for  k,  kfi,  and  k^  are  tabulated  in  Table  5  for  10 

alloy  compositions.  These  values  are  for  well-annealed  alloys.  The  k  values  are  also 

shown  in  Figures  9  and  10.  The  values  of  residual  electrical  resistivity  for  eight  of  the  10 

alloys  are  also  given  in  Table  5.  The  uncertainties  of  the  k  values  are  stated  in  a  footnote 

to  Tabic  5,  while  the  uncertainties  of  the  k  and  k  values  are  indicated  by  their  being 

g 

designated  as  recommended,  provisional,  or  typical  values.  The  ranges  of  uncertainties  of 
recommended,  provisional,  and  typical  values  are  less  than  ±  1 5%,  between  ±15  and  ±30%, 
and  greater  than  ±  30%,  respectively. 


TABLE  5.  RECOMMENDED  THERMAL  C  ONDL’CTIY  JTY  OF  ALUMINUM -MAGNESIUM  ALLOY  SYSTEMS 

[Temperature,  T,  K;  Thermal  Conductivity,  k,  \V  cm'1  K"'i  Electronic  Thermal  Conductivity,  k  ,  W  cm”1  K'1;  Lattice  Thermal  Conductivity,  k  ,  W  cm”1  K"*J 


MJ"" 


TABLE  5.  RECOMMENDED  THERMAL  CONDCCTOTTY  OF  ALUMINUM-MAGNESIUM  ALLOY  SYSTEM  (coattmed)  t 
K;  Tdtnul  Conduct!  rtty,  k,  W  cm'1  K~*;  Electronic  Thermal  Conductivity,  k  ,  W  cm'1  K'1;  Lattice  Thermal  Conductivity,  k  ,  W  cm*1  K~M 
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t  CwUMtM  a*  the  total  thermal  conductivity,  k,  are  aa  follows: 

1.00A1  -  88.00  Mg*.  ±12**.  below  200  K,  iSZ:  between  200  and  500  K,  and  above  500  K 
•><0  A1  -  N.  50  Mg:  ±  IS'",  below  200  K,  *6f:  between  200  and  000  K,  and  =STc  above  300  K. 

i  Tyynal  rant. 

*  ktMpMttlN  range  where  no  experimental  thermal  conductivity  data  are  available. 
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4. 3.  Copper- Gold  Alloy  System 

The  copper-gold  alloy  system  forms  a  continuous  series  of  solid  solutions  over  the 
entire  range  of  compositions.  Ordered  structures  are  formed  at  temperatures  below  about 
663  K  for  compositions  ranging  from  about  40  to  63%  Au  ( 17. 7  to  35. 5  At.%  Au)  and  at  tem¬ 
peratures  below  about  683  K  for  compositions  ranging  from  about  63  to  94%  Au  (35. 5  to  83. 5 
At.%  Au) .  These  ordered  structures  are  due  to  the  formation  of  the  interm etallic  compounds 
CUjAu  ( 50. 85%  Au) ,  CuAu  (75. 63%  Au) ,  and  CuAu3  (90. 30%  Au) .  In  this  work  only  the 
thermal  conductivity  data  of  disordered  alloys  are  treated. 

There  are  75  sets  of  experimental  data  available  for  the  thermal  conductivity  of  this 
alloy  system.  Of  the  17  data  sets  for  Cu  +  Au  alloys  listed  in  Table  9  and  shown  in  figure 
15,  nine  sets  are  merely  single  data  points  around  room  temperature.  Of  the  58  data  sets 
for  Au  +  Cu  alloys  listed  in  Table  10  and  shown  in  Figure  16,  35  sets  arc  single  data  points. 

For  the  Cu  +  Au  alloys,  the  data  can  be  separated  into  three  groups:  the  low 
temperature  data  of  Griineisen  and  Reddemann  [61]  (Cu  +  Au  curves  1  and  2)  and  Kemp, 
et  al.  [62]  (Cu+  Au  curves  8  and  9),  the  data  of  Sedstrom  [63,641  (Cu+  Au  curves  10-15) 
at  the  ice  point,  and  the  five  points  around  440  K  measured  by  Zolotukhin  [65]  (Cu  +  Au 
curves  3-7)  for  a  partially  ordered  5%  Au.  No  data  are  available  above  470  K.  Hence, 
the  experimental  data  are  very  limited.  To  derive  recommended  values,  the  electronic 
component  kg  was  calculated  from  eq.  ( 12)  and  the  lattice  component  kg  was  calculated  from 
eq.  ( 35) .  The  total  k  was  obtained  by  adding  kg  to  kg.  The  results  agree  with  the  data 
of  Sedstrom  [63]  (Cu  +  4u  curves  10,  12,  13,  and  15)  at  the  ice  point  and  with  the  data  of 
Kemp,  et  al.  [62]  (Cu  +  Cu  curves  8  and  9)  and  of  Leaver  and  Charsley  [120!  (Cu  +  Cu 
curve  16)  at  lower  temperatures  to  within  8%.  The  recommended  values  are  for  disordered 
alloys  only;  hence  Zolotukhin's  data  (Cu  +  Au  curves  3-7)  were  not  used  for  comparison. 

The  recommended  curves  were  extended  to  the  solidus  points  at  high  temperatures.  The 
curves  for  allays  containing  10%  Au  or  less  were  not  extended  to  temperatures  below  40  K 
because  of  the  large  uncertainties  of  the  calculated  k  values.  For  denser  alloys,  however, 
the  curves  were  extended  to  4  K  using  k^  values  derived  from  the  data  of  Kemp,  et  al.  (62| . 
The  kg  values  for  dilute  alloys  are  extremely  uncertain  at  low  temperatures  and  are  not 
reported  below  60  K. 

For  the  Au  +  Cu  alloys,  the  experimental  data  were  mostly  obtained  below  the 
order-disorder  transition  temperature  on  specimens  in  the  ordering  range,  except  for  two 
measurements  made  fay  Griineisen  and  Reddemann  [61]  (Au  4  Cu  curves  40  and  41)  on  spec¬ 
imens  containing  1.57  and  3. 10%  Cu  at  low  temperatures  and  one  made  by  Goff,  et  al.  [66] 

(Au  +  Cu  curve  56)  on  a  disordered  Cu3Au  specimen.  The  recommended  values  for  disordered 
alleys  were  derived  from  ke  calculated  from  eq.  (12)  and  kg  calculated  from  eq.  (35). 

Due  to  poor  experimental  data,  detailed  quantitative  comparison  of  die  calculated  values 


-  - 


is  not  practical.  However,  the  recommended  values  agree  with  the  data  of  Gruneisen  and 
Reddemann  {61]  (Au  +  Cu  curves  38-41,  45,  46,  and  48)  at  low  temperatures  and  the  data 
of  Goff,  et  al.  (66]  ( Au  +  Cu  curves  56-58)  from  60  to  300  K  to  within  10%.  The  recommended 
curves  were  extended  to  the  solidus  points  at  the  high  temperature  end,  but  not  below  40  K 
at  the  low  temperature  end  owing  to  the  large  uncertainties  of  the  calculated  values  at 
very  low  temperatures,  except  for  the  curves  for  alloys  with  45  and  50%  Cu,  which  were 
extended  to  4  K  using  the  kg  values  derived  from  the  data  of  Kemp,  et  al.  (62] .  The  kg 
values  for  alloys  containing  40%  Cu  or  less  are  very  uncertain  at  low  temperatures  and  are 
not  reported  below  60  K. 

The  resulting  recommended  values  for  k,  k  ,  and  k  are  tabulated  in  Table  8  for 

®  8 

25  alloy  compositions.  These  values  are  for  well-annealed  disordered  alloys.  The  values 
for  k  are  also  shown  in  Figures  13  and  14.  The  values  of  residual  electrical  resistivity 
for  the  alloys  are  also  given  in  Table  8.  The  uncertainties  of  the  k  values  are  stated  in  a 
footnote  to  Table  8,  while  the  uncertainties  of  the  k  and  k  values  are  indicated  by  their 
being  designated  as  recommended,  provisional,  or  typical  values.  The  ranges  of  uncertainties 
of  recommended,  provisional,  and  typical  values  are  less  than  ±15%,  between  ±15  and  ±30%, 
and  greater  than  ±30%,  respectively. 
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TABLE  10.  THERMAL  CONDUCTIVITY  OF  GOLD  *  COPPER  ALLOYS  —  SPECIMEN  CHARACTERIZATION  AND  MEASUREMENT  INFORMATION  (continued) 
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4.4.  Copper-Nickel  Alloy  System 

The  copper- nickel  alloy  system  forms  a  continuous  series  of  solid  solutions  and 
is  free  of  all  transformations  except  that  of  ferromagnetism.  As  shown  in  Figure  2,  the 
electrical  resistivity  versus  temperature  curves  for  Ni  4-  Cu  alloys  change  Slope  abruptly 
at  the  Curie  temperature  of  the  allays.  The  Curie  temperature  decreases  as  dm  conceit-  . 
tration  of  copper  in  the  alloys  increases.  The  ferromagnetism  disappears  and  the  Curie 
temperature  drops  to  zero  as  the  concentration  of  copper  reaches  61.88%  (60  At.%). 

Mott  {3]  has  given  an  explanation  of  the  ferromagnetic  behavior  of  these  allays  based 
on  the  filling  of  holes  in  the  d  band  of  nickel  by  the  s  electrons  of  copper.  The  d- shell  in 
a  copper  atom  is  completely  occupied  and  there  is  a  single  s  electron  outside,  whereas  the 
3dt  band  of  a  nickel  atom  is  full  but  there  are  0. 54  holes  in  the  3dt  heed;  these  d-band  holes 
are  the  elementary  magnets  in  nickel.  The  Curie  temperature  is  proportional  to  the  number 
of  elementary  magnets  per  unit  volume,  which  in  nickel  is  thus  0. 54  times  the  number  of 
atoms  per  unit  volume.  The  density  of  states  in  the  d  band  of  nickel  atom  at  the  Fermi  sur¬ 
face  is  approximately  ten  times  greater  than  the  density  of  states  in  the  s  band,  so  that  as 
copper  is  added  to  nickel  about  90  percent  of  the  extra  s  electrons  go  to  fill  up  the  d  (Kind, 
and  thus  decrease  the  number  of  elementary  magnets  per  unit  volume,  until  at  60  At.%  Cu 
the  d  band  of  nickel  is  full,  at  which  point  the  ferromagnetism  disappears  and  the  Curie 
temperature  drops  to  0  K.  The  insert  in  Figure  2  shows  the  Curie  temperature  as  a  func¬ 
tion  of  percent  copper  in  nickel,  which  is  linear  for  the  atomic  percent  of  copper.  This 
straight-line  relationship  was  determined  from  the  electrical  resistivity  data  shown  in 
Figure  2.  The  behavior  of  the  electrical  resistivity  of  these  alloys  has  a  direct  bearing 
on  the  behavior  of  the  thermal  conductivity  (see  Figure  18) ,  and  therefore  the  knowledge 
of  the  former  is  prerequisite  to  the  understanding  of  the  latter. 

There  are  153  sets  of  experimental  data  available  for  the  thermal  conductivity  of 
this  alloy  system.  However,  of  the  104  data  sets  available  for  Cu  +  Ni  allays  listed  in  Table 
12  and  shown  in  Figure  19,  27  sets  are  merely  single  data  points  and  25  sets  cover  only 
a  narrow  temperature  range  from  around  room  temperature  to  about  500  K.  Of  the  49  data 
sets  for  Ni  +Cu  alloys  listed  In  Table  13  and  shown  in  Figure  20  ,  23  sets  are  single  data 
points.  Furthermore,  maqy  sets  of  data  show  large  discrepancies. 

For  the  Cu  +  Ni  alloys,  the  most  reliable  measurements  at  room  temperature  were 
made  by  Smith  and  Palmer  (491  (Cu  4  Ni  curves  1-7) ,  surprisingly  in  1935,  for  a  set  of 
well-annealed  alloys.  Electrical  resistivity  data  were  also  reported  for  die  same  specimens 
used  for  the  thermal  conductivity  measurements.  These  provided  the  basis  for  the  easy 
separation  of  the  lattice  component  from  the  measured  thermal  conductivity. 

Hulm  (M]  measured  the  thermal  conductivity  of  an  alloy  with  20%  NI  below  25  K 

.1 

(Cu  4  Ni  curve  15) .  Berman  (701  measured  thermal  conductivity  of  a  sample  of  Couslatfnn 


(40%  Ni)  below  100  K  (Cu+  Ni  curve  21).  Wilkinson  and  Wilks  [71]  measured  the  thermal 
conductivity  of  as  alloy  with  30%  Ni  below  20  K  (Cu+  Ni  curve  14) .  These  three  seta  Of 
low-temperature  data  appear  to  be  reliable  and  cose  latent  is  view  of  tile  odd- work  condition 
of  the  30%  Ni  specimen  of  Wilkinson  and  Wilks  (curve  14). 

In  the  temperature  range  below  70  K,  Erdmann  and  Jahoda  have  measured  the  thermal 
conductivity  of  the  Cu-Ni  alloy  system  several  times  [72-74]  (Cu  +  Ni  curves  52-55,  62-66, 
68,  and  84;  Ni  +  Cu  curves  13-19  and  2i-23).  One  set  of  their  measurements  (74]  (Cu  +  Ni 

?  f.  ,  .  .  .  ’ ; 

curves  52-55  and  Ni+  Cu  curves  13-19)  is  the  only  one  that  covers  a  wide  range  of  compo¬ 
sition  at  low  temperature.  However,  it  was  very  difficult  to  evaluate  the  reliability  of  their 
results.  For  copper- rich  alleys,  the  lattice  thermal  conductivities  derived  from  their  mea¬ 
sured  total  thermal  conductivities  are  about  40%  higher  than  those  derived  from  other  authors 
results.  Since  their  samples  seemed  to  be  the  best  annealed  (at  930  C)  among  the  alloy 
samples,  it  had  been  thought  that  the  lattice  thermal  conductivities  of  their  samples  might 
be  higher  than  those  of  the  others  because  annealing  could  eliminate  dislocations.  However, 
after  the  effect  of  annealing  on  the  electrical  resistivity  and  lattice  thermal  conductivity 
of  binary  alloys  had  been  reviewed  carefully,  it  was  concluded  that  the  differences  are  too 
large  to  be  accounted  for  by  annealing.  Furthermore,  around  liquid  helium  temperature, 
the  difference  between  the  lattice  thermal  conductivities  of  their  own  dilute  and  concentrated 
alloys  are  too  large  compared  with  those  of  other  measurements.  If  their  measured  total 
thermal  conductivities  are  connected  to  the  total  thermal  conductivities  above  300  K  mea¬ 
sured  by  other  authors,  the  slopes  of  the  conductivity-temperature  curves  become  negative 
between  100  and  300  K  for  concentrated  alloys.  This  seems  unlikely  as  it  does  not  occur 
in  the  conductivity-temperature  curves  of  the  analogous  silver- palladium  alloys.  Recent 
private  communication  from  Klemens  [76]  provided  useful  thermal  conductivity  data  for 
a  copper  alloy  with  4  At.%  Ni  at  temperatures  below  40  K  (Cu  +  Ni  curve  103).  The  sample 
was  annealed  at  1075  C  for  72  hours  and  slowly  cooled.  The  results  also  indicate  that  the 
lattice  thermal  conductivities  of  Erdmann  and  Jahoda  are  too  high.  Consequently,  the  re¬ 
sults  of  Erdmann  and  Jahoda  were  not  used  in  the  present  data  synthesis. 

For  Ni  +  Cu  alloys,  Sager  [77]  (Ni  4  Cu  curves  1  and  2) ,  Smith  [4B]  (Ni  +  Cu  curves 
3-6) ,  and  Sedstrom  (63]  (Ni  +  Cu  curves  7  and  8)  have  measured  the  thermal  conductivity 
around  room  temperature.  There  is  some  doubt  about  the  reported  compositions  of  their 
specimens  as  the  electrical  resistivity  data  reported  for  the  same  specimens  differ  from 
those  obtained  by  other  authors  for  allays  with  the  same  nominal  compositions. 

Oreig  and  Harrison  [78]  measured  the  thermal  conductivities  of  niokel  alloys  with 
0. 32,  0. 6,  1. 5,  and  4. 2  At.%  Cu  below  100  K  (Ni  +  Cu  curves  9-12) .  More  reeeotly  Farrell 
and  Greig  [79]  studied  the  electrical  resistivity  and  thermal  conductivity  of  a  nickel  alloy 
with  0. 31  At.%  Cu  below  100  K  ( Ni  +  Cu  curve  34) .  They  concluded  that  the  lattice  thermal 
conductivity  of  pure  nickel  is  quite  high  and  close  to  those  of  dilute  copper  alloys. 


Chari  180]  has  suggested  a  method  to  separate  the  lattice  thermal  conductivity  from 
total  thermal  conductivity  of  pure  nickel  and  dilate  niokel- rhenium  alloys  above  400  K. 

There  la,  however,  doubt  concerning  his  method  of  graphical  separation  of  electrical  re¬ 
sistivity  into  the  intrinsic  and  magnetic  components,  because  the  anomaly  of  the  temperature 
dependence  of  the  electrical  resistivity  of  the  f err omagnetic  metals  can  he  explained  by 
the  ferromagnetic  ordering  of  metals  below  the  Curie  point.  Many  authors  have  tried  to 
express  the  resistivities  of  the  ferromagnetic  alloys  in  the  form  of  p  -  p*  (1  +  p)  ,  where 
ft,  the  ferromagnetic  ordering  parameter,  is  negative  and  vanishes  above  the  Curie  point 
[167] ,  and  p*  represents  the  resistivity  erf  ferromagnetic  metal  in  the  absence  of  ferromag¬ 
netic  ordering.  In  other  words,  p*  represents  the  resistivity  of  the  "normal"  non- ferro¬ 
magnetic  metal.  Farrell  and  Greig  [81]  indicated  that  deviations  from  Matthicssen's  rule 
due  to  spin  mixing  must  be  taken  into  account  when  analyzing  the  electronic  transport  prop¬ 
erties  of  nickel  alloys. 

In  the  present  data  synthesis,  the  electronic  thermal  conductivities  of  the  alloys  for 
which  both  thermal  conductivity  and  electrical  resistivity  were  reputed  were  calculated 
from  eq.  ( 12)  in  order  to  separate  the  lattice  component  from  the  measured  total  thermal 
conductivity.  The  resulting  "experimental"  lattice  thermal  conductivity  data  were  then 
used  for  the  adjustment  of  the  lattiee  thermal  conductivities  of  the  virtual  crystals  so  that 
the  kg  values  calculated  from  eq.  (35)  at  moderate  and  high  temperatures  arc  in  agreement 
with  the  experimental  data.  At  lew  temperatures  the  lattice  thermal  conductivity  values 
were  obtained  from  the  experimental  data  similarly  aa  the  difference  of  the  measured  k 
and  the  calculated  k_.  The  recommended  total  thermal  conductivity  values  at  low  temper- 
atures  are  in  agreement  with  the  data  of  Greig  and  Harrison  (781  (Ni  +  Cu  curves  9-12) , 
Zimmerman  [130]  (Cu  +  Ni  curves  17  and  20) ,  Berman  [70]  (Cu  +  Ni  curve  21) ,  and  Doulcy, 
et  al.  [76]  (Ni  +  Cu  curve  104)  to  within  12%,  and  these  at  higher  temperatures  arc  in  agree¬ 
ment  with  the  data  of  Smith  and  Palmer  [49]  (Cu  +  Ni  curves  1-7  and  85-90) ,  Mikryukov 
[136]  (Cu  ♦  Ni  curve  44) ,  Mikryukov  [144]  (Cu  +  Ni  curves  71-73) ,  Willett  [146]  (Cu  +  Ni 
curves  98-102) ,  and  Smith  [45]  (Ni  +  Cu  curves  3-6)  to  within  10%. 

The  resulting  recommended  values  for  k,  k@,  and  kg  are  tabulated  tn  Table  11  for 
25  alloy  compositions  covering  the  temperatures  from  4  to  1200  K.  These  values  are  for 
well-annealed  alleys.  The  values  for  k  are  also  shown  in  Figures  17  and  18.  The  values 
of  residual  electrical  resistivity  for  the  alloys  are  also  given  is  Table  11.  The  uncertainties 
of  the  thermal  conductivity  values  are  stated  in  a  footnote  to  Table  11,  while  the  uncertainties 

of  the  k  and  k  values  are  Indicated  by  their  being  deeignated  aa  recommended,  provisional, 

eg. 

or  typical  values.  The  ranges  of  uncertainties  of  recommended,  provisional,  and  typical 
values  are  less  than  ±19%,  between  ±15  and  ±30%,  and  greater  than  ±30%,  respectively. 
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TABLE  11.  RECOMMENDED  THERMAL  CONDUCTIVITY  OF  COPPER-NICKEL  ALLOY  SYSTEM  (ccutiBMd)* 
eternal  Conductivity.  k,  W  cat*1  K“‘;  Electronic  Ttennal  Conductivity,  k  ,  W  cm*1  K~';  Lattice  Thermal  Conductivity, 
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4. 5.  Copper- Palladium  Alloy  System 

The  copper-palladium  system  forms  a  continuous  series  of  solid  solutions  over  the 
entire  range  of  compositions.  Ordered  structures  are  formed  at  temperatures  below  about 
775  K  for  compositions  ranging  from  slightly  below  10  to  somewhat  above  25  At.%  (16  to  ! 
36%)  palladium  and  at  temperatures  below  about  975  K  for  compositions  ranging  from  slightly  ! 
below  30  to  somewhat  above  50  At.%  (42  to  63%)  palladium.  The  maxima  of  the  tempera-  I 
tures  of  transformation  suggest  that  these  ordered  structures  are  based  on  PdCiig  and  PdjCug 
respectively .  In  this  connection,  it  should  be  noted  that  curves  2  and  3  of  the  Cu  +  Pd  alloys 
and  curves  3,  5,  6,  12,  13,  14,  15,  22,  23,  24,  and  25  of  the  Pd  +  Cu  alloys  are  values  ob¬ 
tained  from  specimens  which  were  in  a  partially  ordered  state. 

There  are  49  sets  of  experimental  data  available  for  the  thermal  conductivity  of  this 
alloy  system.  However ,  of  the  19  data  sets  available  for  Cu  +  Pd  alloys  listed  in  Table  15 
and  shown  in  Figure  23,  14  sets  are  merely  single  data  points  around  room  temperature,  j 

and  of  the  30  data  sets  for  Pd  +  Cu  alloys  listed  in  Table  16  and  shown  in  Figure  24,  19  sets  j 

are  single  data  points  around  room  temperature.  ] 

i 

The  thermal  conductivity  of  these  alloys  was  first  investigated  by  Sedstrom  fl78, 179]  ■ 

who  measured  the  thermal  conductivity  at  273  K  of  14  specimens  ranging  from  3. 5  to  93% 

Pd  and  the  thermal  conductivity  at  323  K  of  17  specimens  ranging  from  8.41  to  93. 19%  Pd. 

[,«ter  <u nineteen  and  Reddemann  f61]  measured  the  low  temperature  thermal  conductivity 
of  specimens  containing  10. 3,  57. 8,  62.7,  and  90. 8%  Pd  (Cu  +  Pd  curve  1  and  Pd  +  Cu  curves 
1-5)  and  it  was  found  that  prolonged  annealing  just  below  the  order-disorder  transition  tem¬ 
perature  produced  a  6-fold  increase  in  the  thermal  conductivity  at  80  K  of  the  specimen 
containing  57.  8%  Pd.  More  recently,  Pott  f82]  measured  the  thermal  conductivity  of  spec¬ 
imens  containing  24. 18  ,  35.82,  52.75  ,  57.81,  and  70.67%  Pd  at  temperatures  ranging  from 
293  to  1073  K.  The  first  four  specimens  were  measured  both  in  the  disordered  state  and 
a**er  ProlonKed  annealing  Just  below  the  transition  temperature  (Cu  +  Pd  curves  2-5  and 
|  Pd  +  Cu  curves  6.  7,  9,  and  10) ;  the  specimen  containing  70. 67%  Pd  was  measured  following 

j  two  different  heat  treatments  ( Pd  +  Cu  curves  8  and  10) .  The  most  recent  measurement 

j  on  alloys  of  this  system  was  made  in  1967  by  Kierspe  [83]  (Cu  +  Pd  curve  6)  for  a  specimen 

i  containing  4.92%  Pd  at  room  temperature. 

5 

The  low  temperature  experimental  thermal  conductuvity  values  for  disordered 
| '  specimens  are  in  satisfactory  agreement  with  the  values  calculated  from  eqs.  (12)  and  (35) 

j  for  those  compositions  for  which  the  kg  maximum  occurs  below  80  K.  The  investigation 

by  Fletcher  and  Grieg  [84]  of  the  lattice  thermal  conductivity  of  palladium -silver  alloys 
showed  that  the  strong  electron- phonon  interaction  in  the  palladium- rich  alloys  reduces  the 
low  temperature  lattice  thermal  conductivity,  causing  its  maximum  to  occur  at  much  higher 
,  temperatures  than  in  the  silver-rich  alloys.  A  similar  elevation  of  the  temperature  of  the 


I 
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maximum  of  the  lattice  component  is  believed  to  occur  in  this  alloy  system.  The  discrepancy 
between  the  experimental  and  calculated  values  of  the  thermal  conductivity  at  80  K  ranged 
from  2  to  12%,  the  calculated  values  being  higher;  the  12%  discrepancy  was  with  the  spec¬ 
imen  containing  57.8%  Pd  and  the  electrical  resistivities  reported  for  this  specimen  arc 
8%  greater  than  those  reported  by  other  authors  for  this  composition. 

At  ordinary  temperatures  Sedstrom's  values  for  his  disordered  specimens  tend  to 
be  lower  than  the  calculated  values,  particularly  for  the  more  dilute  alloys;  this  is  not  sur¬ 
prising  in  view  of  the  fact  that  the  electrical  resistivities  of  these  specimens  are  higher 
than  those  reported  by  other  authors  for  the  same  nominal  compositions.  In  this  same  tem¬ 
perature  range  the  calculated  values  are  within  3%  of  Kierspe's  value  for  a  specimen  containing 
4. 9%  Pd  and  Pott’s  value  for  a  specimen  containing  57. 8%  Pd.  On  the  other  hand,  the  cal¬ 
culated  values  were  16%  below  Pott's  value  for  a  specimen  containing  24.  18%  Pd  and  2fl% 
below  his  value  for  a  specimen  containing  70.67 %  Pd.  After  correcting  for  the  lattice  com¬ 
ponent,  corresponding  Lorenz  ratios  for  these  specimens  are  respectively  22  and  36%  greater 
than  the  classical  value;  it  is  unlikely  that  band  structure  effects  could  cause  such  large 
deviations  from  the  classical  value  for  these  alloys  at  300  K. 

At  higher  temperatures  there  are  four  large  discrepancies  between  the  calculated 
and  experimental  values,  ranging  from  30  to  40%.  Three  of  these  are  with  the  70. 67%  Pd 
specimen  mentioned  above  and  are  associated  with  Lorenz  ratios  33  to  38%  greater  than  the 
classical  value;  the  other  discrepancy  is  with  Pott’s  specimen  containing  57.8 %  Pd  and  the 
corresponding  Lorenz  ratio  is  36%  greater  than  the  classical  value.  While  heavy  alloying 
with  a  noble  element  would  presumably  reduce  band  structure  effects,  these  Lorenz  ratios 
are  larger  than  those  obtained  by  Laubitz  and  Matsumura  [10]  for  pure  palladium.  Also, 
they  are  very  much  larger  than  those  obtained  by  Laubitz  and  van  der  Meer  [85 1  for  a  gold 
alloy  with  34. 95%  Pd  in  which  comparable  band  structure  effects  might  be  expected.  Fur¬ 
ther  experimental  work  on  the  palladium-rich  alloys  of  this  system  is  clearly  in  order. 

Until  there  is  additional  experimental  evidence  or  some  theoretical  support  for  these  very 
large  Lorenz  ratios  it  seems  safer  to  use  evidence  from  similar  systems  rather  than  the 
thermal  conductivities  associated  with  these  Lorenz  ratios  as  a  guide  in  recommending 
values. 

The  recommended  values  for  k,  kQ,  and  kg  are  tabulated  in  Table  14  for  25  alloy 
compositions.  These  values  are  for  well-annealed  disordered  alloys.  The  values  for  k  are 
also  shown  in  Figures  21  and  22.  The  k  values  cover  the  full  temperature  range  from  4 
to  1200  K,  but  k  and  kg  values  are  not  given  at  very  low  temperatures.  The  values  of  re¬ 
sidual  electrical  resistivity  for  the  alleys  are  also  given  in  Table  14.  The  uncertainties 
of  the  k  values  are  stated  in  a  footnote  to  Table  14,  and  those  of  the  k^  and  kg  values  are 
of  the  order  of  ±10  to  ±  15%. 


TABLE  14.  RECOMMENDED  THERMAL  CONDUCTIVITY  OF  COPPER-PALLADIUM  ALLOY  SYSTEM1 

rmal  Conductivity,  k,  W  cm*1  K_l;  Electronic  Thermal  Conductivity,  k  ,  W  cm"1  K"’;  lattice  Thermal  Conductivity,  k  ,  W  cm-1  K*’l 
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TABLE  14.  RECOMMENDED  THERMAL  CONDUCTIVITY  OF  COPPER -PALLADIUM  ALLOY  SYSTEM  (coetlaued)  f 
(Temperature,  T,  K;  Thermal  Conductivity,  k.  VV  cm-1  K~:;  Electronic  Thermal  Conductivity,  k  ,  \V  cm'1  K*1;  Lattice  Thermal  Conductivity,  k  .  W  cm'1  K'1) 
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14.  RECOMMENDED  THERMAL  CONDUCTIVITY  OF  COPPER-PALLADIUM  ALLOT  SYSTEM  (coottaM)  + 

Coaductivity,  k.  W  cm“‘  K“‘;  Electronic  Thermal  Conductivity,  k  ,  W  cm-'  K*1;  Lattice  Thermal  Conductivity,  k  .  W  cm"1  K‘‘l 
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17*  MMifa.  E.  1*74  273.2  17.3  Same  as  above;  electrical  resistivity  11.79  |rf)  cm  at  0  C. 

17*  laWllh.  E.  1934  273. 2  42. 8  Same  as  above;  electrical  resistivity  25. 38  \£l  cm  at  0  C. 

17*  SedMiflm,  E.  1*24  273. 2  49. 0  Same  as  above;  electrical  resistivity  29. 67  pd  cm  at  0  C. 


121 


w4 

0> 

1 

3 

1 

2 

? 

? 

CO 

3 

e 

* 

§ 

S 

iH 

CM 

g 

e 

*■« 

CM 

s 

8 

CM 

8 

M 

§ 

8 

J 

j 

J 

J 

■j 

5  5  3  i  Si 

H  H  H  H  H  H 


S  i  i  S  i  s  §  s  s  s  s  s 

H  ^  H 


4.6.  Copper-Zinc  Alloy  System 


The  copper- zinc  alloy  system  does  not  constitute  a  continuous  series  of  solid  solutions. 
The  maximum  solid  solubility  of  zinc  in  copper  is  38.3%  (39.0  At.%)  at  727  K  and  the  sol¬ 
ubility  decreases  at  higher  and  lower  temperatures.  At  lower  temperatures,  the  attainment 
of  equilibrium  becomes  very  slow  and  the  solubility  data  are  uncertain.  Massalski  and  Kittl 
f  86]  have  analyzed  existing  data  and  have  concluded  that  the  boundary  lies  at  about  35%  Zn 
at  473  K  and  suggest  that  it  may  lie  at  less  than  30%  Zn  at  room  temperature.  Shinoda  and 
Amano  (87]  have  reported  a  much  greater  reduction  in  solubility  at  room  temperature. 

There  are  91  sets  of  experimental  data  available  for  the  thermal  conductivity  of 
Cu  +  Zn  alloys  as  listed  in  Table  18  and  shown  in  Figure  26.  Of  these,  seven  sets  are  merely 
single  data  points,  24  sets  cover  a  narrow  temperature  range  from  around  room  tempera¬ 
ture  to  about  500  K,  and  17  sets  are  for  temperatures  below  4. 5  K.  Most  of  the  measurements 
were  cm  alloys  in  the  solid  solution  region.  Surprisingly  there  are  no  data  available  for 
the  Zn  +  Cu  alloys  on  either  the  thermal  conductivity  or  the  electrical  resistivity.  Conse¬ 
quently,  only  Cu  +  Zn  alloys  are  treated  in  the  present  work. 

In  order  to  ascertain  the  reliability  of  experimental  data  and  to  fill  gaps  in  data, 
the  lattice  and  electronic  components  of  the  thermal  conductivity  of  the  Cu  +  Zn  alloys  were 
calculated.  The  electronic  component  was  calculated  from  eq.  (12).  However,  these  cal¬ 
culations  were  limited  to  temperatures  below  400  K,  since  no  reliable  electrical  resistivity 
data  were  available  at  higher  temperatures.  Where  values  of  the  electronic  component  are 
reported  at  higher  temperatures  in  Table  17,  these  were  obtained  by  graphical  smoothing 
of  the  differences  between  the  experimental  thermal  conductivity  data  and  the  calculated 
values  of  the  lattice  thermal  conductivity.  Estimates  of  the  lattice  thermal  conductivity 
in  the  low  temperature  region  were  based  on  experimental  data  and  values  in  the  high  tem¬ 
perature  region  were  calculated  from  eq.  ( 35) .  In  the  intermediate  range,  near  the  maximum, 
graphical  techniques  were  used  to  smoothly  Join  the  high  and  low  temperature  values  (fol¬ 
lowing  a  crude  separation  of  as  a  guide) .  The  high  temperature  calculations  of  the  lattice 
component  were  limited  to  alloys  with  Zn  not  exceeding  30%. 

The  low  temperature  lattice  thermal  conductivity  of  solid-solution  Cu  +  Zn  alloys 
In  both  strained  and  annealed  states  has  been  extensively  Investigated  by  Kemp,  et  al.  [62, 
88,89]  (curves  17-24  and  27-33).  Their  results  show  that  the  lattice  and  total  thermal 
conductivities  of  the  alloys  Increase  markedly  as  the  annealing  temperature  is  increased,  j 
due  to  the  removal  of  both  point  defects  and  dislocations.  This  increase  is  illustrated  by 
curves  30-33  in  Figure  26  for  an  alloy  with  32%  Zn.  Apparently  the  dislocations  are  locked 
in  by  the  impurity  atoms,  and  cannot  be  removed  by  normal  just  above  the  recrys¬ 

tallization  temperature.  Even  annealing  the  alloys  at  temperatures  near  the  melting  point  1 
was  found  to  remove  only  a  fraction  of  the  dislocations.  In  recommending  low-temperature  I 


lattice  thermal  conductivities,  only  the  data  for  alloys  annealed  at  high  temperatures  were 
used.  The  values  given  in  Table  17  were  based  primarily  on  the  data  of  Kemp,  et  al.  [62| 
for  alloys  with  2. 06,  5. 14,  and  10. 26%  Zn  (curves  27*29) ,  which  were  annealed  at  1123  K. 
Because  the  low  temperature  lattice  thermal  conductivities  of  solid -solution  Cu  +  Zn  alloys 
do  not  vary  greatly  with  composition  in  the  10-30%  Zn  range,  it  was  possible  to  estimate  the 
lattice  components  of  alloys  in  this  range  by  graphically  extending  the  conductivity-composi¬ 
tion  curves  formed  by  the  2. 06,  5.14,  and  10. 26%  Zn  alloys  to  higher  Zn  concentrations, 
using  data  of  Kemp,  et  al.  (88]  for  alloys  annealed  at  a  lower  temperature  (773  K)  (curves 
18,  20,  and  24)  as  a  guide.  Although  this  procedure  should  not  introduce  unacceptable  un¬ 
certainties,  the  lattice  components  reported  for  the  10-30%  Zn  alloys  should  be  accepted 
with  more  caution  than  those  for  which  direct,  supporting  experimental  data  are  available. 

Problems  were  encountered  in  attempts  to  develop  reliable  estimates  of  the  lattice 
thermal  conductivities  of  the  alloys  at  high  temperatures.  Initially,  the  lattice  components 
for  the  alloys  were  calculated  by  using  White  and  Woods'  [90,91]  value  of  35.0  watts  cm**1 
for  the  value  of  k  T  of  pure  copper  to  determine  k  ( T')  in  eq.  ( 35) .  However,  calcula- 

D  “ 

tions  of  the  lattice  components  from  high  temperature  measurements  by  Kemp,  et  al.  (62, 
88,89]  (curves  17-24  and  27-33)  and  Smith  [92]  (curves  1-13)  of  the  total  thermal  con¬ 
ductivity  and  the  electrical  resistivity  for  the  same  alloy  samples  were  as  much  as  50% 
higher  than  the  values  calculated  using  eq.  ( 35)  with  White  and  Woods'  values  for  the  lattice 
component  of  copper.  It  was  found  that  this  discrepancy  could  be  reduced  by  increasing  the 
values  for  the  lattice  component  of  pure  copper  by  50%  at  high  temperatures.  This  resulted 
in  a  much  better  agreement  between  experimental  and  calculated  values  of  the  lattice  com¬ 
ponent  over  the  entire  range  of  compositions.  However,  because  of  this  conflict  between 
White  and  Woods'  value  for  the  lattice  component  of  copper  and  the  available  experimental 
data  for  copper-zinc  alloys,  the  lattice  components  of  the  dilute  copper-zinc  alloys  are  not 
reported  at  high  temperatures. 

The  recommended  total  thermal  conductivity  values  are  in  agreement  with  the  data 
at  low  temperatures  of  Lomer  [161]  (curves  80-86),  Kemp,  et  al.  [88]  (curves  18,20-22, 
and  24),  Kemp,  et  al.  [89]  (curve  33),  and  Olsen  [157]  (curves  56-59)  to  within  10%,  and 
with  the  data  at  higher  temperatures  of  Smith  [92]  (curves  1-8, 11, 71,  and  72),  Smith  and 
Palmer  [49]  (curve  14),  Bailey  [151]  (curve  15),  and  Lees  [152]  (curve  16)  to  within  8%. 

The  recommended  values  for  k,  k  ,  and  k  are  tabulated  in  Table  17  for  nine  alloy 

eF  g 

compositions  ranging  from  0. 50  to  30%  Zn.  These  values  are  for  well-annealed  alloys.  The 
values  for  k  are  also  shown  in  Figure  25,  covering  the  temperature  range  from  4  to  700  K. 
The  values  of  residual  electrical  resistivity  for  the  alloys  are  also  given  in  Table  17.  The 
uncertainties  of  the  k  values  are  stated  in  a  footnote  to  Table  17,  while  the  uncertainties  of 
foe  k.  and  k_  values  are  Indicated  by  their  being  designated  as  recommended  or  provisional 


values.  The  ranges  of  uncertainties  of  recommended  and  provisional  values  are  less  than 
±  18%  and  between  ±15%  and  ±30%,  respectively. 


TABLE  17 .  RECOMMENDED  THERMAL  CONDUCTIVITY  OF  COPPER -ZINC  ALLOY  SYSTEM  t 

K;  Thermal  Conductivity,  k,  W  cm**  K_l;  Electronic  Thermal  Conductivity,  k  ,  W  cm-1  K*‘;  Lattice  Thermal  Conductivity,  k.  W  cm-1  JC'M 
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TABLE  1? .  RECOMMENDED  THERMAL  CONDVC TATTY  OF  COPPER-ZINC  ALLOY  SYSTEM  ( - tt - d)  t 

K;  Thermal  Conductivity,  k.  W  cm"1  K"*;  Electronic  Thermal  Conductivity,  k  ,  W  cm'1  K"*;  Lattice  Thermal  Conductivity,  k  ,  W  cm-*  K_,l 
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TABLE  18.  THERMAL  CONDUCTIVITY  OF  COPPER  *  ZINC  ALLOYS  —  SPECIMEN  CHARACTERIZATION  AND  MEASUREMENT  INFORMATION  ( 
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4.7.  Gold- Palladium  Alloy  System 

The  gold-palladium  alloy  system  forms  a  continuous  series  of  solid  solutions  over 
the  entire  range  of  compositions  and  is  free  from  the  complicating  effects  of  any  kind  of 
transitions. 

There  are  14  sets  of  experimental  data  available  for  the  thermal  conductivity  of  this 
alloy  system.  However,  of  the  nine  data  sets  available  for  Au  +  Pd  alloys  listed  in  Table 
20  and  shown  in  Figure  29,  five  sets  are  merely  single  data  points  at  room  temperature, 
and  all  the  five  data  sets  available  for  Pd  +  Au  alloys  are  single  data  points  at  room  temper¬ 
ature,  as  listed  in  Table  21  and  shown  in  Figure  30. 

The  thermal  conductivity  of  these  alloys  was  first  investigated  by  Schulze  1931  (Au+  Pd 
curves  1-5  and  Pd  + Au  curves  1-5)  who  measured  the  room -temperature  thermal  conduc¬ 
tivity  of  these  alloys  at  intervals  of  10%.  These  values,  which  include  the  onlv  experimental 
values  for  this  system  for  palladium  concentrations  greater  than  40%,  are  thought  to  be 
more  than  20%  too  high  in  some  cases.  This  judgment  is  based  primarily  on  the  fact  that 
interpolation  between  the  values  for  30  and  40%  Pd  yields  a  value  27%  greater  than  that  ob¬ 
tained  by  Laubitz  and  van  der  Meer  [85]  ( Au  4-  Pd  curve  8)  on  a  specimen  containing  34.95% 

Pd  and  is  supported  fay  the  fact  that,  after  correcting  for  the  lattice  component,  the  Lorenz 
ratio  for  the  specimen  containing  40%  Pd  (55.24  At.%  Pd)  is  30%  greater  than  the  classical 
values.  It  is  unlikely  that  bard  structure  effects  could  cause  such  a  large  deviation  from 
the  classical  value  for  this  composition  at  298  K. 

In  contrast  to  this,  the  early  measurements  by  Griineisen  and  Reddemann  [Gl]  of 
the  thermal  conductivity  at  liquid  hydrogen  and  liquid  nitrogen  temperatures  of  specimens 
containing  5,  10,  and  39.9%  Pd  (Au  +  Pd  curves  6-8)  are  thought  to  be  close  to  the  true 
values.  The  values  calculated  from  eqs.  (12)  and  (35)  are  in  good  agreement  with  these 
measurements  at  those  temperatures  for  which  it  was  possible  to  calculate  the  lattice  com¬ 
ponent.  The  investigation  by  Fletcher  and  Greig  [84]  of  the  thermal  conductivity  of  palladium- 
silver  alleys  revealed  that  the  strong  electron- phonon  interaction  in  palladium- rich  alloys 
suppresses  the  low  temperature  lattice  thermal  conductivity,  causing  its  maximum  to  occur 
at  much  higher  temperatures  than  in  silver- rich  alloys.  This  elevation  of  the  temperature  of 
the  maximun  of  the  lattice  component  is  believed  to  occur  also  in  this  alloy  system;  the  evi¬ 
dence  for  this  is  that  while  the  calculated  and  experimental  values  for  the  5,  10,  and  39.9% 

Pd  (8. 88,  17.06,  and  55. 24  At.%  Pd)  alloys  differ  by  less  than  5%  at  80  K  and  the  measured 
values  at  liquid  hydrogen  temperatures  of  the  5  and  10%  Pd  specimens  are  consistent  with 
the  calculated  values  at  30  K,  the  measured  value  for  the  39. 9%  Pd  specimen  is  far  below 
the  calculated  value  for  30  K  when  the  expression  for  the  lattice  component  at  temperatures 
above  that  of  its  maximum  is  used. 


At  high  temperatures  the  only  measurements  are  those  of  Laubttz  and  van  der  Meer 
[85] ,  but  these  range  from  300  to  1200  K  and  provide  a  test  of  the  temperature  dependence 
of  the  calculated  values  of  the  thermal  conductivity  of  these  alloys  in  this  region.  While  the 
slope  of  the  calculated  curve  is  slightly  steeper  than  that  of  the  experimental  curve,  the 
largest  discrepancy  between  the  calculated  and  experimental  values  is  less  than  7%;  in  view 
of  the  3. 5%  experimental  error  estimated  for  these  measurements  this  is  considered  satis¬ 
factory  agreement. 

The  recommended  values  for  k,  ke,  and  are  tabulated  in  Table  19  for  25  alloy 
compositions.  These  values  are  for  well-annealed  alloys.  The  k  values  cover  the  hill 
range  of  temperature  from  4  to  1200  K,  whereas  the  k  and  k^  values  are  not  given  for  low 
temperatures.  The  values  for  k  are  also  shown  in  Figures  27  and  28  and  their  uncertainties 
are  stated  in  a  footnote  to  Table  19,  in  which  the  values  of  residual  electrical  resistivity 
for  the  alloys  are  also  given.  The  uncertainties  of  the  kQ  and  k^  values  are  indicated  by 
their  being  designated  as  recommended  or  provisional  values.  The  ranges  of  uncertainties 
of  recommended  and  provisional  values  are  less  than  ±15%  and  between  ±15  and  ±30%, 
respectively. 
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TABLE  19 .  RECOMMENDED  THERMAL  CONDUCTIVITY  OF  GOLD-PALLADIUM  ALLOY  SYSTEM  (cockimed)  t 
K;  Thermal  Conductivity,  k,  W  cm-1  K_i;  Electronic  Thermal  Conductivity,  k  ,  \V  cm-1  K_l;  Lattice  Thermal  Conductivity,  k  ,  W  cm-1  K_l) 
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TABLE  19.  RECOMMENDED  THERMAL  CONDUCTIVITY  OF  GOLD-PALLADrUM  ALLOY  SYSTEM  (continued)  t 
K;  Thermal  Conductivity,  k,  W  cm"*  K*‘;  Electronic  Thermal  Conductivity.  !:  .  V.  cm*!  K"‘;  Lattice  Thermal  Conductivity, 
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TPRC  TEMPERATURE ,  K 


4. 8.  Gold-Silver  Alloy  System 


The  gold-silver  alloy  system  forms  a  continuous  series  of  solid  solutions  over  the 
entire  range  of  compositions.  Possible  existence  of  ordered  structures  due  to  the  forma¬ 
tion  of  AgAu  intermetallic  compound  has  been  reported. 

There  are  39  sets  of  experimental  data  available  for  the  thermal  conductivity  of  tills 
alloy  system.  Of  the  22  data  sets  available  for  Au  +  Ag  alloys  listed  in  Table  23  and  shown 
in  Figure  33,  9  sets  cover  only  a  narrow  temperature  range  from  273  to  373  K,  which  is 
the  highest  temperature  at  which  data  exist.  Of  the  17  data  sets  for  Ag  +  Au  alloys  listed 
in  Table  24  and  shown  in  Figure  34,  four  sets  likewise  cover  only  the  narrow  temperature 
range  from  273  to  373  K,  which  is  also  the  highest  temperature  at  which  data  exist. 

Thermal  conductivities  of  this  alloy  system  have  been  reported  in  four  papers  [61, 

63, 94, 95] .  The  measurements  by  Griinelsen  and  Reddemaim  (61)  ( Au  +  Ag  curves  1-2  and 
Ag  +  Au  curves  1-2)  appear  to  be  the  most  reliable,  though  there  is  some  uncertainty  in 
the  compositions  of  their  gold-rich  specimens.  Separation  of  the  electronic  component  from 
their  measured  total  thermal  conductivities  gives  reasonable  values  for  the  lattice  component 
without  much  scatter  when  these  k  values  are  plotted  against  the  composition.  Values  ob- 

E> 

tained  from  eq.  ( 35)  agree  well  with  the  values  derived  from  the  experimental  data  of 
Griineisen  and  Reddemann.  The  k  values  of  alloys  in  this  system  are  generally  very  small 
compared  with  the  k  values,  especially  at  high  temperatures. 

The  most  recent  measurements,  by  Crisp  and  Rungis  [94]  (Au  +  Ag  curves  12-20 
and  Ag  +  Au  curves  8-17) ,  cover  a  wide  range  of  composition  below  300  K.  Unfortunately, 
however,  their  measurements  seem  not  to  be  accurate  enough  to  give  reasonable  lattice 
thermal  conductivities.  Separation  of  the  electronic  component  from  their  measured  total 
thermal  conductivities  results  in  negative  values  for  the  lattice  component  for  most  of  their 
specimens  at  83  and  273  K.  In  their  paper  it  was  mentioned  that  the  separation  failed. 

Early  measurements  by  Sedstrom  [63]  ( Au  +  Ag  curves  3-11  and  Ag  +  Au  curves  3-7) 
in  1919  yield  positive  lattice  thermal  conductivities  at  273  K,  but  his  kg  values  scatter  and 
seem  to  be  high. 

Van  Baarle  et  al.  [95]  have  measured  the  thermal  conductivity  cf  dilute  gold-rich 
alloys  between  2  and  30  K,  but  they  have  reported  only  the  lattice  thermal  conductivity  values 
At  the  present  time,  it  is  very  difficult  to  Judge  the  reliability  of  their  results  because  to;al 
thermal  conductivities  are  not  reported  and  the  low-temperature  results  of  Crisp  and  Rungis 
[94J  are  somewhat  uncertain. 

Since  the  Au-Ag  alloy  system  is  a  non-transition  solid-solution  alloy  system,  for 
which  the  calculations  from  eqs.  ( 12)  and  ( 35)  should  be  more  reliable,  and  since  the  cal¬ 
culated  results  indeed  match  well  with  the  reliable  experimental  data  of  Grttnelsen  and 


Beddemann  (61J ,  the  recommendations  were  entirely  based  on  the  calculated  values.  The 
recommended  total  thermal  conductivity  values  are  in  agreement  with  the  data  of  Gninetsen 
and  Beddemann  [61]  (Au  +  Ag  curves  1-2  and  Ag-Au  curves  1-2)  around  80  to  90  K  to  within 
4%,  with  the  data  of  crisp  and  Bungis  [94]  ( Au  +  Ag  curves  14,  15,  and  17,  and  Ag  +  Au 
curves  9-13,  and  15)  between  40  and  200  K  to  within  10%,  and  with  the  data  of  Sedstrom  (63) 
(Au  +  Ag  curves  8-11  and  Ag  +  Au  curves  4,  6,  and  7)  around  room  temperature  to  within  5%. 

The  recommended  values  for  k,  k^,  and  kg  are  tabulated  in  Table  22  for  25  alloy 
compositions  mostly  covering  the  temperature  range  from  40  K  to  the  solidus  points.  These 
values  are  for  well-annealed  disordered  alloys.  For  two  alloys  with  1%  and  3%  Ag,  the 
tabulated  values  cover  the  range  down  to  4  K.  The  k  values  are  given  from  4  K  to  the 
solidus  points  for  all  25  alloy  compositions.  The  values  for  k  are  also  shown  in  Figures  31 
and  32  and  their  uncertainties  are  stated  in  a  footnote  to  Table  22,  in  which  the  values  of 
residual  electrical  resistivity  for  the  alloys  are  also  given.  The  uncertainties  of  the  k  and 

P 

k  values  are  indicated  by  their  being  designated  as  recommended,  provisional,  or  typical 

o 

values.  The  ranges  of  uncertainties  of  recommended,  provisional,  and  typical  values  are 
less  than  ±15%,  between  ±15  and  ±  30%,  and  greater  than  ±  30%,  respectively. 
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TABLE  22.  RECOMMENDED  THERMAL  CONDUCTIVITY  OF  GOLD-SILVER  ALLOY  SYSTEM  (continued)  T 
K;  Thermal  Conductivity,  k,  W  cm*1  K~';  Electronic  Thermal  Conductivity,  k  ,  W  cm-1  K"‘;  Lattice  Thermal  Conductivity, 
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TABLE  22.  RECOMMENDED  THERMAL  CONDUCTIVITY  OF  GOLD -SILVER  ALLOT  SYSTEM  (cooUOMd)  T 

tnnal  Conductivity,  k,  W  cm*1  K"*;  Electronic  Thermal  Conductivity,  k  ,  W  cm'1  K"1;  Lattice  Thermal  Conductivity,  k  ,  W  an"*  K“’l 
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TABLE  22.  RECOMMENDED  THERMAL  CONDUCTIVITY  OF  GOLD-SILVER  ALLOY  SYSTEM  (continued)  * 

K;  Thermal  Conductivity,  k,  W  cm-1  K*1;  Electronic  Thermal  Conductivity,  k  ,  W  cm'1  K'1;  Lattice  Thermal  Conductivity,  k  ,  W  cm"1  K“*l 
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TABLE  23.  THERMAL  CONDUCTIVITY  OF  GOLD  *  SILVER  ALLOYS  —  SPECIMEN  CHARACTERIZATION  AND  MEASUREMENT  INFORMATION 
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4. 9.  Iron-Nickel  Alloy  System 

The  iron-nickel  alloy  system  does  not  form  a  continuous  series  of  solid  solutions. 

The  maximum  solid  solubility  of  nickel  in  iron  is  6. 81%  (6. 5  At.%)  at  618  K  and  the  solu¬ 
bility  decreases  at  higher  and  lower  temperatures.  For  nickel-rich  alloys  the  solubility 
of  iron  in  nickel  is  uncertain  due  to  the  possible  formation  of  FeNi,  ordered  structures. 

The  solid  solubility  of  iron  in  nickel  around  room  temperature  may  be  below  9%. 

There  are  98  sets  of  experimental  data  available  for  the  thermal  eenduetlvtty  of  this 
alloy  system.  However,  of  Hie  63  data  sets  available  for  Fe  +  Ni  alloys  listed  In  Table  16 
and  shown  in  Figure  37,  34  sets  are  merely  single  data  points,  and  of  the  f~  *ita  sets  for 
Ni  +  Fe  alloys  listed  in  Table  27  and  shown  in  Figure  38,  five  sets  are  siaglt  eta  pstart 
and  21  sets  are  for  temperatures  below  4. 5  K. 

For  Fe  +  Ni  alloys,  no  specimen  containing  less  than  3%  N!  was  measured  below 

100  K.  The  conductivity -composition  curve  for  300  K  was  constructed  based  on  Hie  data 

of  Powell  and  Hickman  [96]  ( Fe  +  Ni  curves  3  and  4) ,  Kohlhsas  and  Kierspe  (97)  ( Fe  +  Ni 

curves  30,  31,  and  63) ,  and  Ingersoll,  et  al.  [98]  ( Fe  +  Ni  curves  7-16) .  The  electronic 

thermal  conductivities  were  calculated  from  eq.  (12)  except  for  those  alloys  with  nickel- 

content  s  20%  at  temperatures  above  300  K  where  the  k  calculations  appear  to  be  unreliable. 

;  The  kc  values  at  300  K  were  .U.  plotted  to  the  coD*l«lvIty-compo.Ulon  graph.  The*f- 

I  ferences  between  k  and  kg  were  taken  aa  kg,  which  were  extrapolated  to  lower  and  higher 

temperatures  on  the  basis  of  appropriate  theoretical  temperature  dependences.  The  total 

‘  thermal  conductivity  for  each  composition  was  then  obtained  by  adding  k  to  Hie  calculated 

(  B 

k  except  for  those  alloys  containing  more  than  20%  nickel  at  temperatures  above  300  K, 

V 

where  k's  were  derived  from  the  experimental  data  and  then  k  *s  were  obtained  by  subtracting 
from  k.  The  resulting  values  are  in  agreement  with  the  data  of  Chari  and  de  Nobel  [99] 

( Fe  +  Ni  curves  1,  33,  and  34)  and  Kohlhaas  and  Kierspe  (97]  ( Fe  +•  Ni  curves  30  and  31) 
at  low  temperatures  to  within  10%,  and  with  the  data  of  Backlund  [101]  ( Fe  +  Ni  curves  24 
and  25)  and  Watson  and  Robinson  [102]  ( Fe  +  Ni  curves  19,  26,  28,  29,  and  62)  at  higher 
temperatures  to  within  12%.  In  the  process  of  calculating  Hie  electronic  thermal  conductivity, 
the  correction  due  to  the  thermoelectric  power  was  not  made  at  this  time,  because  there  is 
an  anomalous  curve  of  thermopower  va  composition  at  260  C  repented  by  Wang,  et  al.  [103] 
which  requires  further  study.  Since  the  corrections  are  small,  no  more  than  0.2%  for  all 
compositions  except  the  30%  Nt  alloy,  for  which  It  comes  to  nearly  1%  at  260  C,  the  total 
thermal  conductivity  should  not  be  in  too  large  an  error  without  this  correction. 

For  Ni  +  Fe  alloys,  the  conductivity-composition  curve  for  k  at  M0  K  was  extrapolated 

g 

from  Hie  Fe  +  Ni  part  to  the  Ni  +  Fe  portion  using  the  k  value  of  Ingersoll  [98]  (Ni  +  Fe  curve 
1)  for  an  alloy  with  75. 06%  Ni  as  a  reference  point.  That  is,  the  sum  of  the  extrapolated 
kg  value  at  78%  Ni  and  the  kQ  value  calculated  from  the  selected  electrical  resistivity  for 
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this  composition  was  required  to  approximate  the  Ingersoll  value.  The  k  values  for  all- 
compositions  from  1  to  1100  K  were  calculated  from  the  selected  electrical  resistivities,  and 
the  kg  values  at  300  K  were  extrapolated  to  higher  temperatures  according  to  the  tempera¬ 
ture  dependence  of  eq.  ( 35) .  At  low  temperatures,  all  data  (81, 100, 105, 106J  indicate  that 
kg  is  proportional  to  T,  and  the  kg  values  were  extrapolated  to  higher  temperature  to  join 
the  kg  values  extrapolated  from  300  K  to  lower  temperatures.  The  total  thermal  conductivity 
for  each  composition  was  then  obtained  by  adding  kg  to  ke,  except  below  60  K  for  alloys 
containing  5%  iron  or  less.  The  respective  pg  values  were  obtained  based  solely  on  the 
experimental  data  of  ref.  [81] .  The  resulting  k  values  agree  with  the  data  of  Farrell  and 
Greig  (81]  (Ni  +  Fe  curves  12-14)  and  de  Nobel  [100]  (Ni  +  Fe  curve  35)  at  low  tempera¬ 
tures  to  within  8 %  and  with  the  data  of  Ingersoll  [98]  (Ni  +  Fe  curve  1) ,  Silverman  [132] 

(Ni  +  Fe  curve  2),  and  Shelton  and  Swanger  [108]  (Ni  +  Fe  curves  3-5)  at  higher  tempera¬ 
tures  to  within  10%.  The  correction  due  to  the  thermoelectric  power,  which  is  no  more 
than  2%  of  the  total  thermal  conductivity  for  any  composition  at  any  temperature,  was  not 
made  at  this  time  for  the  same  reason  as  for  the  Fe  +  Ni  alloys.  The  recommended  values 
are  for  totally  disordered  alloys  only;  there  may  be  an  order-disorder  transformation  in 
Ni  +  Fe  alloys  over  a  wide  range  of  compositions. 

The  recommended  values  for  k,  k  ,  and  k  are  tabulated  in  Table  25  for  25  alloy 

e'  g 

compositions,  for  most  of  which  the  temperature  range  covered  is  from  4  to  1100  K.  These 
values  are  for  well -annealed  disordered  alloys.  The  values  for  k  are  also  shown  in  Figures 
35  and  36.  No  values  are  given  for  temperatures  above  1100  K  at  this  time  because  there 
is  a  phase  transformation  in  iron  at  1183  K  and  it  is  as  yet  unknown  what  effect  such  a 
transition  has  on  the  lattice  thermal  conductivity  of  these  alloys.  It  is  noted  that  at  high 
temperatures  the  differences  between  the  k  values  of  5%  and  10%  nickel  alloys  are  rather 
large.  This  is  caused  by  the  discontinuity  of  the  Curie  temperature  at  5. 5%  nickel,  where 
it  drops  from  1038  K  to  677  K  as  nickel  content  increases  [104] .  The  values  of  residual 
electrical  resistivity  for  the  alloys  are  also  given  in  Table  25.  The  uncertainties  of  the  k 
values  are  stated  in  a  footnote  to  Table  25,  while  the  uncertainties  of  the  k  and  k  values 
are  indicated  by  their  being  designated  as  recommended,  provisional,  or  typical  values. 

The  ranges  of  uncertainties  of  recommended,  provisional,  and  typical  values  are  less  than 
±10%,  between  ±15  and  ±30%,  and  greater  than  ±  30%,  respectively. 
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K;  Thermal  Conductivity,  k,  \V  err-1  K'1;  Electronic  Thermal  Conducti\-ity.  k  ,  W  cm*1  K*';  Lattice  Thermal  Conductivity,  k  ,  W  cm**  K*1] 
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4.10.  Silver-Palladium  Alky  8ystean  . 

The  silver-palladium  alloy  system  exhibit*  complete  SCUd  ebtabillty  ital  la  knalflgoqB 
to  the  capper-niokel  alloy  system,  but  without  feeoomplicationsef  ferromagnetic  tifeefe 
and  wife  an  electronic  specific  hast  feet  i»  better  behaved  [109] . 

There  are  32  sets  of  experimental  data  available  for  the  thermal  conductivity  of  this 
alloy  system.  However,  of  fee  18  data  sets  available  for  Ag  +  Pd  alloys  listed  to  Table  29 
and  shown  in  Figure  41  six  sets  are  merely  single  data  points,  and  of  fee  14  sets  tor  Pd  + 

Ag  alloys  listed  to  Table  30  and  shown  to  Figure  42  seven  Sets  are  stogie  data  points. 


This  alloy  system  is  fee  most  extensively  studied  among  the  nobto  metal-palladium 
alloy  systems,  but  the  only  reliable  experimental  data  on  thermal  conductivity  are  fee  low 
temperature  measurements  by  Kemp*  et  al.  [110]  (Pd  +  Ag  curves  6-8  and  Ag  +  Pd  curves 
6-14),  Tainsh  and  White  [111]  (Ag  +  Pd  curves  16-18),  and  Fletcher  and  Greig  [84]  (Pd  + 

Ag  curves  11-14) .  The  early  measurements  by  Schulze  [93]  (Pd  +  Ag  curves  1-5  and 
Ag  +  Pd  curves  1-5)  of  fee  room  temperature  thermal  conductivity  of  these  alloys  at  inter¬ 
vals  of  10%  gave  values  that  are  considerably  above  the  actual  values  to  some  cases.  Even 
after  correcting  for  fee  lattice  component,  fee  Lorenz  ratios  corresponding  to  Schulze's 
values  for  the  60,  70,  and  80%  Pd  alloys  are  respectively  30,  44,  and  35%  greater  than  fee 
classical  value;  it  is  unlikely  feat  band  structure  effects  could  cause  such  large  Lorenz 
ratios  in  these  alloys  at  298  K.  Further  evidence  that  Schulze's  values  are  unreliable  is 
that  he  used  the  same  method  to  measure  the  thermal  conductivity  of  gold-palladium  alloys, 
and  that  Interpolation  between  his  values  for  his  30  and  40%  Pd  specimens  yields  a  value 
which  is  more  than  25%  greater  than  feat  obtained  by  Laubitz  and  van  der  Meer  [85]  for  a 
specimen  containing  35%  Pd.  On  fee  other  hand,  fee  more  recent  measurements  by 
Zolotukhin  [112]  at  somewhat  higher  temperatures  on  specimens  containing  26  and  50%  Ag 
(Pd  +  Ag  curves  9  and  10  and  Ag  +  Pd  curve  15)  appear  to  be  too  low,  to  fee  second  instance 
by  approximately  25%. 

This  alloy  system  is  one  of  fee  few  in  which  fee  thermal  conductivity  has  been  measured 
over  a  very  wide  range  of  compositions  from  liquid  helium  temperatures  to  100  K.  The 
measurements  by  Kemp,  at  al.  were  undertaken  to  obtain  fundamental  information  about 
fee  electron-phonon  interaction,  in  particular  to  see  whether  electrons  interact  wife  lattice  S 
waves  of  all  polarisations ,  to  determine  the  dependence  of  fee  interaction  on  electron  ooor 
centratlon  and  to  deduce,  fay  interpolation  between  feese  and  similar  meamiwmrats  on 
silver-cadmium  alloys,  to*  contribution  of  fee  electron-phonon  interaction  to  fee  lattice 
thermal  reeistlvtty  of  silver.  The  etudy  revealed  the  ousp-like  brtwvtor  of  tbe  low  tempera¬ 
ture  lattice  cotidnettvity  as  a  function  of  oompoettion,  as  Amounted  to  Section  Sen  llMorsttoal 
BMfe&rstad.  ted  to  additional  meesuremes ts  bv  Tainsh  *■*  white  foBowlaa  teflsr 
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annealing  at  higher  temperatures  to  determine  whether  or  not  this  behavior  was  caused  by 
the  locking  in  of  dislocations  by  solute  atoms.  While  die  cusp-like  behavior  persisted,  it 
was  found  that  an  increase  in  the  annealing  temperature  from  883  K  to  1213  K  resulted  in 
increases  of  30%  or  more  in  the  lattice  thermal  conductivities  of  these  specimens  at  liquid 
helium  temperatures. 

A  comparison  of  the  values  oaloulated  from  eqs.  (12)  and  (35)  in  the  region  above 
the  lattice  component  maximum  with  the  experimental  values  of  Kemp,  et  al.  revealed  that 
the  calculated  values  for  the  silver-rich  alloys  were  too  low,  the  total  conductivity  by  as 
much  as  8%  and  the  lattice  component  by  as  much  as  25%.  It  was  found  that  both  the  total 
and  lattice  thermal  conductivities  could  be  brought  into  good  agreement  with  the  experimental 
values  for  all  compositions  from  2  to  30%  Pd  by  increasing  the  value  of  the  lattice  thermal 
conductivity  of  silver  by  50%.  Although  such  an  Increase  does  not  require  unreasonable 
values  for  the  Debye  temperature  or  the  Grvineisen  parameter  in  the  equation  used  to  esti¬ 
mate  the  lattice  thermal  conductivity  of  die  elements,  it  raises  considerable  doubt  as  to 
the  reliability  of  such  estimates.  While  the  separation  of  the  electronic  and  lattice  com¬ 
ponents  of  very  dilute  alloys  at  temperatures  above  that  of  the  maximum  of  the  lattice 
component  involves  some  uncertainty,  a  50%  error  in  the  lattice  component  is  unlikely,  al¬ 
though  excellent  agreement  was  obtained  for  die  lattice  conductivities  of  both  2  and  5%  Pd 
alloys,  it  was  decided,  in  view  of  the  conflicting  evidence,  not  to  report  even  provisional 
values  for  the  lattice  thermal  conductivity  of  the  dilute  silver-rich  alloys.  In  addition,  while 
the  measurements  of  Tainsh  and  White  established  that,  in  the  region  below  its  maximum, 
the  lattice  thermal  conductivity  of  well-annealed  samples  is  substantially  greater  than  the 
values  obtained  from  the  first  set  of  measurements,  these  later  measurements  were  limited 
to  temperatures  below  10  K  and  to  compositions  of  2,  5,  and  10%  Pd  and  could,  therefore, 
only  serve  as  a  rough  guide  for  correcting  the  values  of  the  lattice  component  obtained  from 
measurements  on  specimens  annealed  at  883  K;  accordingly,  the  values  for  the  silver-rich 
alloys  at  temperatures  below  the  maximum  are  provisional. 

The  lattice  thermal  conductivity  of  the  palladium- rich  allays  of  this  system  was 
investigated  by  Fletcher  and  Greig,  who  measured  the  thermal  conductivity  of  specimens 
containing  5,  10,  15,  and  20%  Ag  from  liquid  helium  temperatures  to  about  100  K.  Their 
study  showed  that  the  strong  electron-phonon  interactions  in  these  alloys  greatly  reduces 
the  low  temperature  lattice  thermal  conductivity,  causing  its  maximum  to  occur  at  much 
higher  temperatures  than  in  the  silver-rich  alloys.  The  Increase  in  the  temperature  of  the 
maximum  of  the  lattice  component  is  even  greater  than  that  shown  in  their  graph  because, 
at  the  higher  temperatures,  the  method  used  to  separate  the  electronic  and  lattice  components 
yields  values  of  the  latter  which  are  below  tike  true  values  by  an  amount  which  Increases,  with 
temperature,  so  that  the  lattice  components  of  these  alloys  are  still  increasing  at  100  K. 

This  is  consistent  with  tike  100  K  temperature  of  the  maximum  deduced  from  tike  measurements 
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by  Kemp,  et  al.  on  a  specimen  containing  30%  Ag.  Since  the  measurements  on  the  Pd- rich 
alleys  did  not  extend  to  temperatures  above  those  of  the  lattice  thermal  conductivity  max¬ 
ima,  the  values  of  the  lattice  component  in  this  region  were  obtained  fay  smoothly  j mining 
plots  of  the  values  deduced  from  measurements  to  those  calculated  from  eq.  (35) . 

The  recommended  values  for  k,  k  ,  and  k  are  tabulated  in  Table  28  for  25  alloy 

eg 

compositions  covering  the  full  range  of  temperature  from  4  to  1200  K  for  most  cases.  These 
values  are  for  well-annealed  alloys.  The  values  for  k  are  also  shown  in  Figures  39  and 
40.  The  values  of  residual  electrical  resistivity  for  the  alloys  are  also  given  in  Table  28. 
The  uncertainties  of  the  k  values  are  stated  in  a  footnote  to  Table  28,  while  the  uncertainties 
of  the  k  and  k  values  are  indicated  by  their  being  designated  as  recommended  or  provis- 
ional  values.  The  ranges  of  uncertainties  of  recommended  provisional  values  are  less 
than  ±15%  and  between  ±15  and  ±30%,  respectively. 
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TABLE  28.  RECOMMENDED  THERMAL  CONDUCTIVITY  OF  SILVER-PALLADIUM  ALLOY  SYSTEM  (eoatiBMd)  T 

Thermal  Com ductnlty,  k,  W  cm-1  K'1;  Electronic  Thermal  Conductivity,  k  ,  W  cm'1  K~,a,  Lattice  Thermal  Conductivity,  k  ,  W  cm*1  K_,l 
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TABLE  28.  RECOMMENDED  THERMAL  CONDUCTIVITY  OF  SILVER -PALLADIUM  ALLOY  SYSTEM  (continued) T 
I  Temperature,  T,  K;  Thermal  Conductivity,  k,  W  cm':  K*:;  Electronic  Thermal  Conductivity.  k  .  *.V  cm"1  K"‘;  Lattice  Thermal  Conductivity,  k  ,  W  cm*1  K“M 


tSW-; 

ii 

ss 

•  • 

®8 

ii 

-8‘ 

$2 


b  -  w“ 
•  • 

<  < 

8S 


n 
•  • 
CO  t— 
» 

ifS 


<  < 

88 

•f  M$ 
O* 

Si 
•  • 
to  to 
o» 


*k« 

ii 

sa 

"8 

ii 

28 

$* 


0 

« 

© 

s 

w 

N 


CO 

n 

a° 


a 

O 

* 

§ 

LO 

I 

<£> 


d 

i 

* 


Ii  iiiii 

i  i  •  *  •  ••••• 

eeooo  ooooo 


Izm  ssiis  sssss  suss  sssss  sisss 


O  H  H  H< 

ooooo  ooooo  ooooo  ooooo  ooooo  o  o  o  o  < 


I  SSHfc  S8| 

•  e e P t- e  ©SB 
s  ooooo  ooooo 


—  22  88888  88888  $186!  SHIS  88888 


SN  00  m  GO  A  H  N  A  I 
(DHHn  f  AAAI 

o  otnc-ioM  ¥  f  n  (oi 
H  OOOOO  O  O  O  O  I 


O  OOOOO  ooooo 


o  o  o  c 

ooooo  ooooo  ooo 


ncot-^t  f  OMAHn  AAt^NA  NCOCOAIO  A  A  Q  A  A 

25238  38883 88598  58883  88828 

OOOOO  OOOOO  ooooo 

i  hUH  8i|S| 

tn  i ooooo  t-  t-  n  oo  ® 
o  ooooo  ooooo 

-“’"SS  82828  82888  8|82|  8|||8  §§§gg 


O 

ISSSs  22282  82222  »»«2S  82388  23882 
88  8  83  38838  88888  22228  88823  33838 


OOOOO 

ooooo 

OOOOO 

•  •  •  •  • 
OOOOO 

OOOOO 

•  %  m 

OOO 

o  o 

M* 

H  H  H  C 

233S 

o  o  o  c 
•  •  • 

4  CO 

l i 
•  • 

12288 
O  O  H  H  H 

ESISS 

.287 

.325 

.358 

.370 

.387 

33538 

868 
•  •  • 

o  ** 
+  00 

•  • 

ooooo  ooooo  ooooo  ooooo  ooooo  ooooo 

iiiii  iasss  sasas  litli  iiiii  iiiii 

ooooo  ooooo  ooooo  ooooo  ooooo  ooooo 

•"•ss  assss  8SSS|  SSggS  Util  111*1 


iiiii  Hill  Hill  iiiii  iiiii  iiiii 

OOOOO  OOOOO  0*0000  ooooo  ooooo  ooooo 

Iiiii  Iiiii  sans  iiiii  nasi  urn 


!  o  ©  ©  rf  o’  o  o’  o  o 


iiiii  iliai  ssxsa  till*  iiiii  iiiii 

©  •’•*©’•’  ©‘  o  •  o  •*  ooooo  o  o  o’  o  o*  oo3oo  o  •  •  •  » 

—  22  88888  8288|  Sgggg  88818  S8|;| 


!«« I 

j»»  i 

338 » 

•lit! 

8888 


TABLE  *8.  RECOMMENCED  THERMAL  CONDUCTIVITY  OF  SILVER -PALLADIUM  ALLOT  SYSTEM  ( coitHnj) T 

Thermal  Conductivity,  k,  W  cm"1  K"1;  Electronic  Thermal  Conductivity,  k  ,  W  cm"1  K"1;  Lattice  Thermal  Conductivity,  k  .  W  cm"1  K"M 


« 

*'<l 

« 


3  ssiii  iilii  li  l 

d  ddddd  ddddd  I -  • 

3 1 1 

SII13  II28I  5SES8  88833  38313  88888  i  » 

ddddd  ddddd  ddddd  added  ddddd  ddddd  8 

i  iilii  iilii  j*  I 

„•  ***** *****  i*  I 

. ***** ***** ***** *****  iilii  r  * 


il  thermal  conductivity  data  are  available, 


TEMPERATURE 


******  **•  *********  COMDCCTlVrrY  ON  SILVER  +  PALLADIUM  ALLOYS  —  SPECIMEN  CHARACTERIZATION  AND  MEASUREMENT  DC 


1 1 1  li  j| 
mill! 

inns 

i  !  i  1  I  !l 


I  a  i* 

!  «'*  if 
"a  3  a 

i]i  is* 

•  It  u 


i  l  l  I  Li!  li i! 

j)  |*  |)  |)  |>  |]f  if  III 

li  k  1?  fe  k  if  S  lijji 

s:  s:  s:  s;  s;  l?-s  ;«  ||s 

:*  s* :» :*  II  IS* 

B"  l®  8*  3®  S'*  “8®®  J1  *•« 


111! 


i  s I  gi  si 

i  <f  i*  ;* 

l  ii|  i?  if 

i  li  If  li 

i I  ! 

*»  3]f  f  j 

j?  »U  xi 


li  If 


r<  *•«  K 


m 


ft  Hi 

Is  Hi 

z*  is? 

S3  ISIS 


f  *15 

I  ill 

is  ip 

n 


i* 

1?  , 
ll  I 


ill  I 

[  |*H 

SK  s 


o  © 

«  ♦ 


o  e  e 

w  •  r* 


8  S  & 


s  s 


8  8 


3  3 

8  8 


i  *  N  M  M 


s  t 


1 1  i  i  .  ,  ",  jj  2S 

Hf|  2  U  H  A  ! 

*  08  «-< 

|1 


J  £  2  £  3  2  5  II 

,88 

.1  *  » 

i  4  4  4  4  4  jjj  ,  8  o 

I  4  4  »:  4  ^  i**A  i  i 

1  J  *  £  J  -f  f  * 


s  s 

A  A 

M  M 


I  ! 

«  * 

•>  * 

8  o 

4  it 

8  8 


1  miiiliiii  i  ii 

I*  *****  a  aaaaa 
H  -  *  -  *  -  .  ...Sa 


9  S  5  « 

Pi  H  «  • 

A  A  A  | 


8  I* 

5 ! 


§  a 


THERMAL  CONDUCTIVITY  OF  SILVER  -  PALLADIUM  ALLOYS  —  SPECIMEN  CHARACTERIZATION  AND  MEASUREMENT  INFORMATION  ( 


I 


203 


5.  CONCLUSIONS  AND  RECOMMENDATIONS 


As  evidenced  by  the  available  experimental  thermal  conductivity  data  presented  in 
this  work  for  the  ten  binary  alloy  systems  selected  as  those  most  extensively  investigated, 
it  is  clear  that,  still,  for  most  of  these  alloy  systems  serious  gaps  exist  for  either  the  com¬ 
positional  or  the  temperature  dependence  or  both  and  that  most  of  the  available  data  are 
widely  divergent  and  subject  to  large  uncertainty.  The  recommended  self-consistent  ther¬ 
mal  conductivity  values  that  cover  the  full  ranges  of  composition  and  temperature  are 
therefore  very  useful  and  valuable. 

The  recommended  values  are  based  upon  both  the  critically  evaluated,  analyzed, 
and  synthesized  experimental  data  and  the  values  calculated  using  the  semitheoretical  meth¬ 
ods  developed  in  this  work. 

It  is  thought  that  the  reliability  of  the  methods  for  the  calculation  of  the  thermal 
conductivity  of  binary  alloys  has  been  sufficiently  tested  with  selected  key  sets  of  reliable 
data  on  alloys  in  the  various  binary  alloy  systems.  The  method  for  the  calculation  of  the 
electronic  thermal  conductivity  was  found  to  be  applicable  to  all  types  of  binary  alloys: 
nontransition,  transition,  solid  solution,  and  mechanical  mixture,  whereas  the  method  for 
the  calculation  of  the  lattice  thermal  conductivity  was  found  to  be  applicable  only  to  disordered 
solid-solution  alloys;  at  present  the  lattice  thermal  conductivity  of  alloys  in  the  mechanical- 
mixture  region  can  be  obtained  only  from  experimental  data. 

For  all  but  two  of  the  binary  alloy  systems  the  recommended  thermal  conductivity 
values  are  given  for  25  alloy  compositions,  which  greatly  facilitates  interpolation  for  alloys 
with  intermediate  compositions.  Furthermore,  since  the  thermal  conductivity  of  a  binary 
alloy  in  many  cases  can  be  used  as  a  first  approximation  to  the  thermal  condu^iity  of  ft 
multiple  alloy  with  the  same  major  constituent  elements  and  the  same  "effective"  compo¬ 
sition,  the  recommended  thermal  conductivity  values  for  the  binary  alloy  systems  reported 
herein  can  lead  the  way  for  the  study  of  the  thermal  conductivity  of  multiple  alloys. 

In  the  course  of  this  study,  a  number  of  areas  where  further  theoretical  and 
experimental  research  is  needed  are  identified.  These  areas  of  further  research  are  rec¬ 
ommended  and  listed  below: 

( 1)  Experimental  and  theoretical  work  on  band  structure  effects  in  binary  alloys  of 
transition  elements  and  noble  elements  -  in  particular  measurements  on  Cu  +  Pd 
and  Pd  +  Cu  alloys  to  determine  the  validity  of  large  Lorenz  ratios  reported  for 
diis  system. 

( 2)  Development  of  quantitative  theory  of  Impurity  enhancement  of  phonon- electron 
interactions  at  low  temperatures. 


( 3)  Measurements  of  alloy  thermal  conductivity  down  to  liquid  sHe  temperatures 
to  determine  the  extent  to  which  residual  dislocations  cause  the  cusp- like  be¬ 
havior  of  the  composition  dependence  of  the  low  temperature  lattice  thermal 
conductivity. 

(4)  Development  of  a  theory  of  low- temperature  lattice  conduction  in  transition 
elements  and  high-residual-resistivity  alloys. 

( 5)  Experimental  and  theoretical  efforts  on  the  lattice  thermal  conductivity  outside 
the  region  of  solid  solubility. 
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